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 i 
New Methodologies in Controlled Polymerizations of Main Chain Fluorinated 
Monomers and Cyclic Esters 
Olumide I. Adebolu, Ph.D. 
University of Connecticut, 2013 
 
This dissertation focuses on identification and development of new methodologies 
in complex polymer synthesis in relation to the living ring opening polymerization 
(LROP) of cyclic esters and controlled radical polymerization (CRP) of main chain 
fluorinated monomers. 
The use of Cp2ZrHCl was evaluated as a milder route to replace the toxic Sn(oct)2 
in LROP of ε-Caprolactone at 90 ?C.  
By contrast to typical high-temperature (100−250 °C) telo-/polymerizations of 
gaseous fluorinated monomers, carried out in high-pressure metal reactors, the visible 
light, Mn2(CO)10-/Bu6Sn2-photomediated initiation of vinylidene fluoride (bp = −83 °C) 
polymerization occurs readily from a variety of alkyl, semifluorinated, and perfluorinated 
halides at 40 °C, in low pressure glass tubes and in a variety of solvents, including water 
and alkyl carbonates. Perfluorinated alkyl iodide initiators also induce a controlled radical 
polymerization (CRP) via iodine degenerative transfer (IDT). While IDT proceeds with 
accumulation of the less reactive Pm-CF2-CH2-I vs the Pn-CH2-CF2-I chain ends, 
Mn2(CO)10/Bu6Sn2 enables their subsequent quantitative activation toward the synthesis 
of well-defined poly(vinylidene fluoride)block copolymers with a variety of other 
monomers. 
 ii 
Commercially available (CF3COO)2IIIIPh, (CH3COO)2IIIIPh and 
(CH3COO)3IV(PhCOO) are introduced as the least expensive and most convenient 
CF3?/CF3I and CH3?/CH3I precursors for metal-free, photo(trifluoro)(iodo)methylations 
of alkenes, as illustrated by the first examples of their use as photoinitiators in the 
polymerization of vinylidene fluoride (VDF), which by contrast to typical high 
temperature, high pressure metal reactor requirements, was accomplished under very 
mild conditions (40 ?C), in glass tubes.  The practicality of HVICs in VDF-CRP was 
demonstrated with both external (I(CF2)6I), and in situ generated (CF3I) iodine chain 
transfer agents, via the first examples of I2-VDF-CRP.   
The first example of azide initiated and terminated VDF polymerization was 
demonstrated using cerium ammonium nitrate (CAN) and sodium azide (NaN3).  While 
typical free radical polymerization was obtained with azide radical alone, however, in the 
presence of external (I(CF2)6I) or in situ generated (CF3I) chain transfers agents, VDF-
CRP-IDT was obtained. Further click chemistry enabled the synthesis of block 
copolymer. 
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Chapter 1. Introduction:  Living Ring Opening Polymerization of  
          Cyclic Esters and Controlled Radical Polymerization of  
                   Main chain Fluorinated Monomers 
 
1.1.      Definition, History and Classification of  Polymers 
The word “polymer” which means “many parts” was coined from the Greek 
words poly, meaning “many” and meros meaning “parts”).  Polymers are 
macromolecules, with repeating structural units of monomers bonded to each other with 
covalent bonds.1  This repeating units ranges from few (oligomers) to several to several 
thousands. While the term oligomerization is used to qualify the process involved in the 
making of oligomers, the actual finite number of the repeating unit (usually from 2 – 100) 
is often a subject of debate.  In general, polymers can be natural (rubber, starch cellulose, 
protein) or synthetic (polyesters, nylon, polyvinylidene fluoride etc.) in nature. 
Since the nineteenth century, chemists have developed profound interest in rubber 
and other polymers,2a and the commercial availability of manmade paper, rayon, celluloid 
and coatings were not until the beginning of the 20th century.3 In the 1930s, there was 
vast development of many new synthetic polymers2b from hydrocarbon, like Teflon, 
polychlorotrifluoroethylene (PCTFE), and polyvinyl chloride (PVC) to name a few. 
During this period, much attention was dedicated to the development of catalysts, that not 
only prove to be effective, but also allow for greater control of properties of the polymers 
derived.   
The interplay between molecular design, polymerization, processing, product 
application and end-use properties,4 has led to increased production in polymeric 
??
?
materials, and polymer industries has emerged as one of the fastest growing industries in 
the U.S. and around the world.  
In polymer science, two types of classification of polymers have been adopted.  
One classification is centered on the polymer structure while the other, on polymerization 
mechanism.1 Carothers in 1929, divided polymers into condensation and addition 
polymers based on the compositional difference between the polymer and the 
monomer(s) that gave rise to them.1  Condensation polymers are formed through 
condensation reaction, usually with elimination of small molecule such as water.  This 
type of reaction typically involves two polyfunctional monomers which may or may not 
be catalyzed. Examples of such condensation polymers are the polyamides, that are 
formed from the reactions of diamines and diacids with the elimination of water (eq. 1).  
Addition polymers, according to Carothers are those formed without the loss of small 
molecule (e.g. formation of polyvinyl chloride, eq. 2).  
The other classification (polymerization mechanism) categorizes polymerization 
into step and chain polymerizations. While these two classifications are often confused 
with one another, (i.e. condensation with step and addition with chain), it should be noted 
that condensation-addition classification is based solely on the composition or polymer 
structure.1 
 
R,R’ and R” are aliphatic or aromatic groups, R”* is the initiating species. 
 
??
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Interestingly, polymer science has adopted more recent terminology that 
categorizes polymerization into step and chain polymerizations.  The distinguishing 
features between step and chain polymerization lies in the dependence of the polymer 
molecular weight versus conversion and reactive species involved in the polymerization.  
    In step polymerizations, formation of dimer, trimer, tetramer, and up to n-mer, 
indicates, higher molecular weights are only achieved towards the end of the 
polymerization (i.e. at higher conversion). Chain polymerization results in constant 
polymer molecular weight irrespective of the conversion. This is because of unavoidable 
chain terminating processes (mainly bimolecular recombination), occurring during the 
polymerization. In addition, both step and chain polymerization exhibits broad 
polydispersity index, a measure of non-homogeneity in a polymer system with slight 
variation in living ring opening polymerization and controlled/living polymerization (vide 
infra). 
 
1.2.  Living Ring Opening Polymerizations 
Ring opening polymerization (ROP) is a type of chain polymerization where 
kinetics and thermodynamics consideration are necessary, as not all cyclic monomers 
undergo such polymerization.  A good example is cyclohexane, which in principle should 
give rise to polyethylene.  The polymerization of such cannot proceed because of the lack 
of reactive functionality (kinetics) in addition to the extreme stability (thermodynamics) 
of cyclohexane.  Ring strain contributes immensely to the overall success of ROP and in 
the order of reactivity, 3,4 > 8 > 5,7. 
??
?
Comparative investigations over the past century however, have led to success in 
the polymerization of cyclic ethers (epoxides), esters (lactones), amides (lactams) with 
low polydispersities and high molecular weights.1,5  
Interestingly, owing to their applications in ocular,6 antifouling paints7, 
biomaterials8 etc., biodegradable polymers have attracted much attention over the last 
decade.8
  
As such, several initiators have been employed towards living ring opening 
polymerization.   
Metal alkoxides, such as aluminum (III) tert-butoxide Al(Ot-C4H9)3, tin (II) tert-
butoxide Sn(Ot-C4H9)2, titanium (IV) tert-butoxide Ti(Ot-C4H9)4, lithium tert-butoxide 
Li(Ot-C4H9),8 and the metal carboxylates like tin (II) octoate Sn(oct)2,9,10,11,12 Zinc 
Undecylenate13 to name a few, have all been employed in the ring opening 
polymerization of lactones, lactides, epoxides etc.   
Previously , we have demonstrated living ring opening polymerization (LROP) of 
?-caprolactone (CL) using Cp2ZrHCl14a-e even in low concentration (ppm), to obtain high 
molecular weight (>500,000) and low polydispersity (~ 1.15). This development, 
characterized by the insitu generation of zirconium alkoxides (true initiator) via the initial 
reaction with the lactone, has proven to be a worthy replacement to the well-established, 
toxic stannous octoate.  
We thus decided to evaluate the catalytic activity of toxic Sn(oct)2 and mild 
Cp2ZrHCl in the living ring opening polymerization of ?-caprolactone (chapter 2), while 
emphasizing the requirements and features of both systems. 
 
 
??
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Scheme 1.1. Ring opening polymerization of ?-caprolactone. 
 
1.3. Controlled Radical Polymerizations 
In general, radical polymerizations undergo chain growth mechanism with ever 
present chain breaking reactions.1 As such, bimolecular terminations as well as chain 
transfer are commonplace in such polymerizations, and the effect of which is a limitation 
on the lifetime of the propagating radicals.  As later discovered, “living” polymerizations 
without the usual chain breaking reactions would be worthwhile, as they preserve the 
lifetime of the propagating radicals, and allow for the synthesis of block copolymers by 
sequentially adding several other monomers.1  
The contribution of Michael Szwarc to polymer chemistry following his discovery 
of living anionic polymerization of styrene and associated vinyl monomers15–19  provided 
innovative methodology for the synthesis of a wide range of polymers.18 His method has 
proved effective in production star polymers, telechelic polymers, block and graft 
copolymers.18 This however, led to revitalization of the field of radical 
polymerization,20,21 and in 1990s several new methods that allow for control of polymer 
molecular weights and chain end functionality, were developed.20-26 These techniques, 
broadly divided into atom transfer radical polymerization (ATRP), stable free-radical 
polymerization (SFRP) and reversible addition-fragmentation chain transfer (RAFT)1,20 
are based on atom transfer, dissociation-combination and degenerative transfer 
mechanisms (scheme 1.2).  Collectively these polymerization methods, according to 
??
?
IUPAC recommendation, are known as reversible-deactivation radical polymerizations 
(RDRPs).20,27 
?? ? ? ?? ?? ? ?????
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Scheme 1.2. Mechanisms of RDRPs. 
 
ATRP typically involves the use of a metal catalyst in lower oxidation state (Mtn) 
that is capable of expanding its coordination sphere by complexing with a ligand.22  The 
limitations to this technique, including but not limited to toxicity of the catalyst, 
purification, tolerance to oxygen, have led to development of other variations.  These 
include, initiator for continuous activator generation (ICAR), activators generated by 
electron transfer (AGET), activators regenerated by electron transfer (ARGET)22 etc.    
SFRP embroils the use of a stable radical, usually a nitroxide, i.e. 2,2,6,6-
tetramethyl-1-piperidinoxyl  radical (TEMPO) as a deactivator.22,28-32  One method in 
SFRP encompasses the thermal decomposition of alkoxyamine into a reactive radical and 
a stable radical, while the other employs conventional radical initiator such as AIBN in 
conjunction with TEMPO.1  
As noted earlier, RAFT polymerization operates by degenerative transfer using 
dithioesters and other derivatives as a transfer agent in addition to conventional free 
??
?
radical initiators.1,33-37  In RAFT, the polymer molecular weight is controlled by the ratio 
of the monomer to RAFT agent. 
 
1.3.1. Metal mediated CRP of fluorinated monomers 
Several attempts in the controlled radical homopolymerization of main chain 
fluorinated monomers using the well-established controlled radical methods have not 
been successful so far.  It must be stated here that, while some controlled was claimed 
with borane/oxygen initiator in the terpolymerization of VDF, TrFE and CTFE,38 several 
efforts to duplicate the method for the homopolymerization of VDF have proved futile.    
Other monomers like styrenics and (meth)acrylates bearing (pendant) fluorinated 
groups39-42 have been successfully polymerized using ATRP, NMP and RAFT 
methodologies. 
While the paramagnetic Cp2TiCl43, a mild one electron transfer agent, is available 
in situ by Zn reduction of Cp2TiCl244 and catalyzes a variety of radical reactions45, 
including epoxide radical ring opening RRO,46 aldehyde SET reduction and halide 
abstraction, our group have perfected its use in the CRP of styrene and dienes47,48,49,50 
initiated by epoxides, aldehydes, halides , and peroxides.   
We extended the same chemistry to VDF51 with a series of epoxides, aldehydes, 
halides and peroxides (scheme 1.3), known to initiate both styrene and diene 
polymerizations in the presence of Cp2TiCl?, as potential room temperature initiators.  
However, no polymer was obtained regardless of reaction conditions, due to probable 
incompatibility of solvents apt for Cp2TiCl2 reductions (e.g dioxane) with those 
conducive of VDF polymerizations (i.e. Dimethyl carbonate DMC, acetonitrile ACN).   
??
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   Scheme 1.3. Cp2TiCl-mediated VDF polymerization mechanism. 
 
The most successful methodology to CRP of fluorinated monomers,39 is based 
mechanistically on one of the oldest CRP methods,52 the iodine degenerative transfer53,54 
(IDT: Pn? + Pm-I  Pn-I + Pm?).  It typically involves the use of free radical initiators in 
the presence of polyhalides especially (per)fluorinated iodine chain transfer (CT) agents 
(T = 100-250 °C).55-59  This technique, however, lacks the capability of precise synthesis 
of block copolymer as it will lead to a mixture of homo and block (co)polymers from the 
use of free radical initiators (e.g. tbutyl peroxide) upon sequential addition of other 
monomer(s).  
??
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The need for a more efficient chemistry, under mild conditions, necessary not 
only for the controlled homopolymerization of VDF, but also very proficient towards 
synthesis well-defined of block copolymers thus become imperative.  We have recently 
demonstrated that the use of photolyzable Mn2(CO)10/RF-I60 (chapter 3) as well as 
Bu6Sn2/RF-I (chapter 4) systems are indeed very successful for VDF-CRP and synthesis 
of block copolymers. 
 
1.3.2. Radical Trifluoromethylations with Hypervalent Iodides. 
Trifluoromethylation (TFM) has recently emerged as a very valuable technique 
necessary for improving and expanding molecular properties and functions,61-67 due to the 
unique properties imparted by -CF3 moiety onto chemical structures ranging anywhere 
from synthetic drugs to polymers and nanostructures.  While vast majority of this 
technique involves nucleophilic,68-70 electrophilic70-72 or organometallics73-75 it was not 
until recently that the use of radical (CF3?)70,76,77 TFMs have emerged as a powerful 
strategy for the synthesis of a wide range of CF3-lated compounds. 
Remarkably, hypervalent iodine(III,V) known for over a century78 have found 
increasing use in organic chemistry and have become commercially available especially 
the acyloxyiodobenzenes such as (CX3COO)2IIIIPh, (X = H,79 IDAB; X = F,80 IFAB) and 
(CH3COO)3IV(-Ph-CO-O-)81 (Dess-Martin periodinane, DMPI).  Interestingly, very few 
other CF3? precursors have ever been evaluated in the initiation of FMs, where CF3? was 
generated either by high temperature thermolysis or under strong UV irradiation from 
inconvenient and expensive.82,83,84  Using low wattage visible light source via photolysis, 
???
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we decided to use these hypervalent iodine carboxylates (HVICs) as unconventional 
source of CF3? radical towards CRP of VDF (chapter 5). 
 
1.3.3. Azide-enabled Synthesis of Complex Fluoropolymer Architectures. 
In polymer synthesis, the ever increasing challenges for new methodologies for 
initiation, that would be cheap, mild, ready to use, with elimination of multistep 
derivatizations are often great and not easy to come by for the easy to handle monomers, 
let alone for VDF.  With the exceptions of our recently discovered Mn2(CO)10, Bu6Sn2 
and HVICs photomediated polymerization of VDF at room temperature, most VDF 
polymerization are carried out at T > 100-150 °C, in high-pressure metal reactors.42  As 
such, reactive radicals that will inevitably add to VDF at room temperature without the 
need for irradiation will be worthwhile.  
 Azide group is a very useful functionality in organic chemistry, and are generally 
introduced in organic synthesis via azide ions (nucleophilic)85 or by azide radicals 
(hydrogen substitution).85,86  Known for their versatility and as valuable intermediates,87 
organic azides have been utilized extensively in Huisgen reactions (1,3-dipolar 
cycloadditions, click chemistry)88 in catalyzed C-H amination of Cobalt(II) Porphyrin,89 
synthesis of nitrogen containing molecules (e.g triazolines, triazoles, tetrazoles),90-92 and 
Ti-catalyzed C-N coupling reactions.93  While azide radicals, are usually generated under 
mild condition from the oxidation of azide anion (using Fe2+ salts and tert - butyl 
hydroperoxide, or with H2O2, or permanganate),94,95 by the thermal decomposition of 
NaN3,96 oxidation of TMS-N3 with PhI(OAc)2 (hypervalent iodine)85 and most notably, 
by oxidation of NaN3 by cerium ammonium nitrate (CAN)97, their use as the initiators in 
???
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radical polymerizations have never been reported.  To this end, azide-enabled 
polymerization of various monomers and especially, VDF (chapter 6) was investigated 
and conditions necessary to control such polymerization was evaluated.  The reaction of 
NaN3 with CAN is given below, where in the absent of an electrophilic substrate, the N3? 
radicals generated dimerize to give N2. 
??????
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Chapter 2: Evaluation of catalytic activities of Sn(oct)2 and Cp2ZrHCl 
in Living Ring Opening Polymerization of ?-Caprolactone. 
 
 
2.1. Introduction 
Biodegradable and biocompatible polymers, mostly obtained by ring opening 
polymerization (ROP) of cyclic esters, continue to play a very important roles, with 
applications ranging from industrial to (bio)medical uses.1  
Typical catalysts2, suitable for the living ROP of ?-caprolactone (CL) are mostly 
based on toxic, inhomogeneous/aggregated alkoxides (e.g. Al,3 Sn,4 Zn5).  Thus, the need 
for well-defined, homogeneous and nontoxic systems becomes highly desirable.   
Early transition metal (Ti, Zr) complexes, usually nontoxic, have found 
application as anti-cancer drugs.6  Thus, Ti alkoxides with aryloxo7 or 
monocyclopentadienyl ligands8 catalyze the ROP of ε−caprolactone via acyl oxygen 
cleavage.9  Zr derivatives are also not toxic10 and even FDA-approved (Zr(acac)4).11 
Several oxo-Zr derivatives such as tetralkoxides,9,12 aryloxides,13 bisphenolates,14 
Zr(acac)4,15 and dialkoxide/diketonate,16 were investigated in the PCL synthesis. The 
very few zirconocene complexes used are cationic complexes activated with BF317 or 
MAO. However, such catalysts are either ill-defined/aggregated or require expensive 
multistep synthesis and in most cases also the presence of initiators and activators. 
Recently, apart from coordination polymerizations there is increased interest in 
the early transition metallocene radical chemistry.18 Thus, Cp2TiCl19 inexpensively 
synthesized by the Zn reduction of Cp2TiCl2, catalyzes18 epoxide radical ring opening 
(RRO)20 and the single electron transfer (SET)21 reduction of carbonyls to carbon-
18 
 
centered radicals and  pinacol coupling.22  We have extended the use of Cp2TiCl to 
polymer chemistry and introduced epoxides23a and aldehydes24 as novel classes of 
initiators.  The first examples of Ti-catalyzed living radical polymerizations were 
demonstrated for styrene and isoprene25 by initiation from epoxide RRO,26,23 aldehyde 
SET reduction24 or redox reaction with peroxides.27  These novel initiating methodologies 
were applied in the Ti-catalyzed synthesis of mixed arm brush copolymers.28 The effect 
of ligands,23b-d reducing agents,23e solvents, additives,23f reagent ratios and 
temperature23e,f was also investigated. In addition to radical formation, epoxides29 and 
aldehydes30 generate in situ Ti alkoxides which we have used as initiators for the living 
ring opening polymerization of cyclic esters.  While similar radical reactions would be 
expected from Zr, the reduction of Cp2ZrCl2 is very difficult.  Thus, we envisioned 
accessing the corresponding alkoxides via a different route.  
Interestingly, while the hydrozirconation of C=C unsaturations with Cp2ZrHCl 
(Schwartz's reagent), one of the most useful organometallic reaction of zirconocenes, is 
known for over 30 years,31 hydrozirconation of heterounsaturations such as CO2,32 
aldehydes33 or lactones34 is vastly ignored, and never reported for caprolactone. The only 
such report on lactones demonstrated the in situ formation of zirconium alkoxides using 
excess Cp2ZrHCl.34  Thus, we decided to evaluate the potential catalytic activities of such 
zirconocene alkoxides in the LROP of CL,35 in comparison with well-established 
stannous octoate. 
 
 
19 
 
Table 2.1. Toxicology and Personal Exposure Limits of Zirconium vs. Tin (from the MSDS’s) 
Zirconium (IV) i-propoxide 
(as chain end model)   Schwartz Reagent  Tin Octoate 
-Causes moderate eye irritation 
 
-Irritant to eyes 
 
-Causes burns to eyes 
 
-Causes moderate irritation of the skin. 
 
-slight skin irritant 
 
 
-Moderate skin irritant, large exposure can 
be fatal 
 
-Irritating to the nose and respiratory tract 
  
  
 
-OSHA PEL (personal exposure limit 8h) 
5mg/m3.  (as Zr) 
-OSHA PEL 980mg/m3. (as alkoxide) 
 
 
-RTECS (Registry of Toxic Effects of          
Chemical Substances:  as i-propanol 
(hydrolysis prod) 
oral (human) TDLo: 223 mg/Kg  
oral (human) LDLo: 5272 mg/kg 
oral (human) LDLo: 3570 mg/kg 
oral(rat) LD50: 5045 mg/kg  
Inhalation (rat) LC50:16000 ppm/8h. 
 
-irritant upon inhalation 
no know long term effects 
  
  
-OSHA PEL 5mg/m3.  
 
 
 
 
not listed in RTECS 
-Not listed in the TSCA 
inventory 
 
 
-Affect mucous respiratory tract and cause 
drowsiness upon inhalation or vapor. long 
term exposure may damage liver. 
 
 -OSHA PEL of 0.1mg/m3 of Sn (50 times 
smaller than the amount allowed for Zr) 
 
 
 
RTECS : as ethylhaxanoate ligand 
Oral (Rat) LD50 3g/kg 
Inhalation(rat)LC >400ppm/6hour 
Skin (rabbit) LD50 1.2ml/kg 
TDLo (lowest dose causing toxic effect): 
6.9ml/kg –Drowsiness (oral rat) 
1.4ml/kg- Reproductive Developmental 
Abnormalities 
-listed in the TSCA(Toxic Substances 
Control Act) inventory. 
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Table 2.2. Catalysts comparison in the ring opening of ε-caprolactone. 
Cp2ZrHCl  Sn(Oct)2 
Does Not require initiator 
 
Requires initiator 
 
Works alone or with aldehydes, epoxides and alcohols 
 
Works only with alcohols 
 
Mechanism: Coordination-insertion ROP 
 
Mechanism: Coordination-insertion ROP 
 
Ligand Effect: One can manipulate the ligand effect on Zr to 
affect the strength of the Zr-O bond and well as the chiral 
environment. (i.e. reaction rate and stereospecificity). 
 
Ligand Effect: Not available! 
Reactivity/ Rates: ZrCp2HCl >> Sn(Oct)2.  Thus, Zr may 
even ROP large ring macrolactones. 
 
Reactivity/ Rates: Sn(Oct)2,<<  ZrCp2HCl. Sn can not ROP large ring 
macrolactones 
Molecular Weight: >3-500,000. 
 
No examples of > 100,000 in the literature. 
 
No deleterious byproducts formed during the polymerization 
or after precipitation (Cp2ZrClOH or Cp2Zr(OH)2 
 
As the reaction proceeds octanoic acid (a byproduct of the reaction of 
Sn(Oct)2 with ROH) builds up causing a retardation of the polymerization as 
well as an increase in PDI by reacting with and removing the Sn from the 
activated chain end. 
 
able to make star and more complex architectures from 
readily available multifunctional aldehydes and alcohols   
 
Ability to make complex architecture is limited with polyols 
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2.2 Living Ring Opening Polymerizations 
In ring opening polymerization (ROP) kinetics and thermodynamics consideration 
are necessary, as not all cyclic monomers undergo such polymerization.  A good example 
is cyclohexane, which in principle should give rise to polyethylene. The polymerization 
of such cannot proceed because of the lack of reactive functionality (kinetics) in addition 
to the extreme stability (thermodynamics) of cyclohexane. Ring strain contributes 
immensely to the over success of ROP and in the order of reactivity, 3,4 > 8 > 5,7. 
Comparative investigations over the past century have led to success in the 
polymerization of cyclic ethers (epoxides), esters (lactones), amides (lactams) with low 
polydispersities and high molecular weights.36,37  
 
2.3. Experimental 
2.3.1. Materials.  Bis(cyclopentadienyl)zirconium hydrochloride Cp2ZrHCl, 
(95 % ), from Strem, Tin(II) 2-ethylhexanoate(Stannous octoate,(95 %), Bezaldehyde, 
BAL (>99.5 %), Benzyl alcohol, BA (anhydrous, 99.8 %) all from Sigma, 
tetrahydrofuran (THF, 99%, acetone, 99.9 % both J. T. Baker) were used as received.  ?-
Caprolactone (CL, 99 %, Acros) was dried over and distilled at 110 ºC from CaH2.  
Toluene (99.9 %, Fisher) was distilled from Na/benzophenone. 
2.3.2. Techniques. 1H-NMR (500 MHz) spectra were recorded on a Bruker DRX-
500 at 24 °C in CDCl3. GPC analyses were performed on a Waters 150-C Plus GPC 
calibrated with polystyrene standards and equipped with a Waters 410 differential 
refractometer, a Waters 2487 dual wavelength absorbance UV-VIS detector set at 254 
nm, a Polymer Laboratories PL-ELS 1000 evaporative light scattering (ELS) detector and 
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with a Jordi Flash Gel (1x105 Å, 2 x 104 Å, 1x103 Å) column setup.  THF was used as 
eluent at 3 mL/min at 34 °C.   
2.3.3. Polymerization of ?-CL with Cp2ZrHCl. In a typical reaction, the 
catalyst, Cp2ZrHCl (11.6 mg, 0.045 mmol), CL (1 mL, 9.02 mmol) and toluene (1 mL) 
were added to a clean, dried 25-mL Schlenk tube equipped with magnetic stir bar.  The 
tube was degassed, filled with Argon and placed in a thermostated bath at 90 °C. As the 
reaction continued, a colorless homogeneous solution was formed while samples were 
taken under Argon and used for conversion and molecular weight determination by NMR 
and respectively by GPC.    
2.3.4. Polymerization of ?-CL with Sn(oct)2. Similarly, in a typical reaction, the 
catalyst, Sn(oct)2 (15 ?L, 0.045 mmol), benzyl alcohol BA (5 ?L, 0.045 mmol), CL (1 
mL, 9.02 mmol) and toluene (1 mL) were added to a clean, dried 25-mL Schlenk tube 
equipped with magnetic stir bar.  The tube was degassed, filled with Argon and placed in 
a thermostated bath at 90 °C.  Same procedure for conversion and molecular weight 
determination was followed as described earlier.    
 
2.4.  Results and Discussion 
The initiation mechanism is illustrated in Scheme 1.  The unusual feature here is 
the in-situ generation of the Zr alkoxide. Thus, room temperature hydrozirconation of CL 
(2) is regiospecific, with the oxophilic Zr attacking the carbonyl oxygen and producing a 
transient Zr acetal (2-zirconocenechlorideoxy oxepane, (3). Intramolecular Zr migration 
to the ring oxygen (4) followed by isomerization by ring opening generates the               
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5-zirconocenechlorideoxypentanal (5) which serves as the Zr alkoxide initiator. 
Afterwards, similar to conventional metal alkoxides, typical anionic coordinative 
polymerization of CL ensues, maintaining the propagating PCL-O-ZrCp2Cl alkoxide 
chain end.  Correspondingly, in Scheme 2, mechanism of initiation with Sn(oct)2, 
involves the  formation of stannous alkoxide, from the initial reaction of the catalyst with 
an alcohol (e.g. benzyl alcohol) followed by coordination/insertion with the monomer.  
 
Scheme 2.1. Cp2ZrHCl catalyzed ROP of ε-caprolactone. 
 
 
Scheme 2.2. Mechanism of initiation in stannous octoate catalyzed ROP of caprolactone.35 
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Interestingly, the aldehyde NMR peaks disappears upon heating the sample to 60 
°C, indicating that in the later stages of the polymerization (high conversion), this chain 
end is consumed most likely by the acyl addition  of PCL-OZrCp2Cl to the aldehyde to 
give an unstable acetal which then eliminates Cp2ZrClOH to give a vinyl ether. 
 
Figure 2.1. 500 MHz CDCl3 1H-NMR spectra of PCL. [CL]/[Cat]/[Ini] = 200/1/1.  
(a) [CL]/[Sn(oct)2]/[BA], (b) [CL]/[Cp2ZrHCl]/[BA] and (c) [CL]/[Cp2ZrHCl]/[BAL] 
 
A linear dependence of molecular weight on conversion and linear kinetic plots 
are observed in all the systems carried out at 90°C. Normalized kp (i.e. kp/IE) shows a 
higher rate with Cp2ZrHCl/Benzaldehyde and lowest with Sn(oct)2/Benzyl alcohol 
system. Cp2ZrHCl alone as catalyst showed potential for higher molecular weights (lower 
initiator efficiency). 
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Figure 2.2. Dependence of Mn and Mw/Mn on conversion (a) and kinetics (b) plot of 
[CL]/[Cp2ZrHCl] = 200/1 (?),[CL]/[Sn(oct)2]/[Benzyl Alcohol] = 200/1/1 (?),  
[CL]/[Cp2ZrHCl]/[Benzyl Alcohol] = 200/1/1 (?) and [CL]/[Cp2ZrH2]/ [Benzaldehyde]  = 
200/1/1  (?), in toluene @ 900C. 
 
 
    Table 2.3. Selected examples the ROP of ε-Caprolactone (CL).a) 
Exp # Composition Time (Hrs) 
Conv 
(%) 
kpapp 
(h-1) 
Mn PDI IE 
1      CL/Cp2ZrClH b) 8.66 73 0.16 27,957 1.26 0.60 
2 CL/Sn(oct)2/of BAc) 6.0 76 0.23 15,584 1.19 1.12 
3 CL/Cp2ZrClH/BA c) 5.5 89 0.38 20,122 1.33 1.04 
4 CL/Cp2ZrClH/BALc) 4.0 97 0.82 33,375 1.39 0.69 
a) Solvent = Toluene, at 90 °C  b) 200/1 c) 200/1/1.  BA = Benzyl alcohol and 
BAL = Benzaldehyde. 
 
26 
 
 
2.5. Conclusion 
The use both catalysts lead to in-situ generation of alkoxides which act as very 
efficient initiators for the living ROP of caprolactone.  While the polymerization 
displayed living features at 90 °C, the use of an alcohol is needed in the case on Sn(oct)2 
to generate the alkoxide. However higher toxicity(Oral (Rat) LD50 3g/kg) and lower 
personal exposure limits of Sn(oct)2  (OSHA PEL of 0.1mg/m3 of Sn - 50 times smaller 
than the amount allowed for Zr) makes Cp2ZrHCl a much safer catalyst to use. 
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Chapter 3. Mild Temperature Mn2(CO)10-Photomediated Controlled 
Radical Polymerization of Vinylidene Fluoride and Synthesis of Well 
Defined PVDF Block Copolymers 
 
3.1. Introduction 
 Fluorinated (co)polymers are fundamental specialty materials with a wide range 
of high-end applications1 requiring their precise synthesis. However, while novel        
controlled radical polymerizations (CRPs) methods2 (atom transfer, nitroxide or             
addition-fragmentation) have recently seen remarkable developments, and have proven 
very     effective for (meth)acrylates or styrene, their applicability in the CRP of main 
chain fluorinated alkene monomers (FMs: vinylidene fluoride (VDF), hexafluoropropene 
(HFP),  tetrafluoroethylene, etc.), still awaits demonstration.  
 The most successful approach to FM-CRP,1 has emerged from high temperature 
(100-250 ?C) free radical VDF telomerizations4 with polyhalides,1a-c especially 
(per)fluorinated iodine chain transfer (CT) agents,5-9 and is mechanistically based on one 
of the oldest CRP methods,10 the iodine degenerative transfer3,11 (IDT: Pn? + Pm-I   
Pn-I + Pm?).1,5. However, IDT always requires a free radical source (e.g. tbutyl                  
peroxide),1,4,5,7 as direct metal catalyzed initiation from perfluoroalkyliodides (RF-I) or 
any other halides is not available.  Indeed, while such electrophilic RF? radicals add 
readily to alkenes using Cu, Pd or Ti catalysts,12 their addition to electrophilic, fluorinated           
substrates (FMs) at T < 100 ?C, and especially at room temperature (rt) is lacking.   
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 Conversely, while VDF polymerization can be initiated at rt,13 where the Mn vs.          
conversion plot did not pass through the origin, and the kinetics, PDI values and more              
importantly, block copolymer synthesis was not available.  Nonetheless, random VDF              
copolymers thus prepared, had interesting dielectric properties. Only very low VDF     
oligomers (DP = 1-3) may be obtained, even at T > 100 ?C from transition metal salts and 
polyhalides,1,5,14 and there are no reports on metal-mediated FM/VDF polymerizations, 
let alone VDF-CRP.  Moreover, by contrast to the CRP of acrylates or styrene, VDF-IDT 
produces two halide chain ends, Pn-CH2-CF2-I and Pm-CF2-CH2-I with widely different 
reactivity.8  Thus, the ability to initiate directly from halides, mediate rt FM-CRP and   
activate both PVDF-I termini would be of great value to the controlled synthesis of well-
defined block, graft and star FM structures, which, due to current lack of such chemistry, 
inevitably end up as mixtures of homo- and copolymers.   
Consequently, the study of FM-CRPs and the synthesis of complex architectures thereby 
derived is a worthy,1,5-8 yet very challenging endeavor, especially on a laboratory scale, 
as VDF boils at -83 ?C and typical telo/polymerizations are carried out at 100-250 ?C.1 
Accordingly, whilst styrene or acrylate CRPs can easily be sampled on a 1g scale,        
kinetics of VDF polymerizations involve many time-consuming one-data-point            
experiments in expensive high pressure metal reactors, which require at least tens of 
grams of monomer.  Thus, development of methods allowing polymerizations to proceed 
at mild temperatures in inexpensive pressure glass tubes, would be highly desirable, as 
they could be easily adapted for fast catalyst and reaction condition screening and take 
advantage of photochemistry.   
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 As such, while VDF telomerizations under high power UV are available,1,5,15 there 
are no reports on VDF polymerizations under regular visible light.  To this end, we      
decided to investigate mild photochemical means of radical generation,16 such as        
transition metal mediated photopolymerizations using low wattage (< 30 W), spiral, 
compact white light fluorescent bulbs.  Since VDF is a very reactive monomer, effective 
room temperature initiators should provide highly reactive radicals.  
 Conversely, the visible light generated metaloradical should be a very good halide       
abstractor.  Prototypical such examples16 are (CO)nMt-Mt(CO)n type dimers, where the 
inexpensive Mn2(CO)101a is the most popular.16 The Mn-Mn linkage is weak (20-40 
kcal/mol),16,17 and room temperature visible light photolysis provides the Mn(CO)5? 17e- 
metalloradical with good quantum efficiency.18   
 Mn(CO)5? cleanly abstracts halides from a variety of substrates,16c reacting faster 
with primary rather than secondary or tertiary ones, and yet there are no examples with 
semi or perfluoroalkyl substrates. Moreover, while Mn2(CO)10/CCl4 initiated         
polymerizations were developed in the 60s,19 Mn2(CO)10 was only recently employed in 
other free radical polymerizations (FRP),20 and especially in the photomediated IDT of 
vinyl acetate (VAc) and its copolymers,21 where Mn(CO)5? activates an alkyl iodide    
initiator, but the resulting Mn(CO)5-I is not involved in the reversible iodine transfer.  We 
thus decided to assess its scope and limitations for FM-CRPs and optimize the system.  
 Though polymerizations could easily be carried out anywhere from T = 0? C to T 
= 100 ?C, (Table 3.1, exp. 6-16), we selected T = 40 ?C for all further experiments, as a 
good compromise between rate, minimization of possible higher temperature side        
reactions and a safe pressure inside the tube.  In fact, simply lowering the bottom part of 
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the light bulb inside the oil bath helped maintain such temperature, with minimal         
additional heating from the hotplate. 
 
3.2. Experimental 
 3.2.1. Materials. Manganese carbonyl (Mn2(CO)10, (Strem chemicals, 98%),   
vinylidene fluoride (VDF,99.9%), 2-Iodoheptafluoropropane (PFIPI, 97%)),                   
1-iodononafluorobutane (perfluorobutyl iodide, PFBI, 98%), ethyl bromodifluoroacetate 
(EBDFA, 99%), 1,1,2-trichlorotrifluoroethane (TCTFE, 99%), 1,1,1,3,3-
Pentafluorobutane (99%), 3-Iodo-1,1,2,2-tetrafluoropropane (98%), 1,8-
dichloroperfluorooctane (99%), iodotrifluoromethane (CF3I, 99%), 1,6-
diiodododecafluorohexane (98%), 1,2-dichloro-1,1,2-trifluoro-2-iodoethane (90+%), 
hexafluorobenzene (HFBz, 99+%), 1,4-dibromoooctafluorobutane (98%),                   
hexafluoropropene (HFP, 99%), chlorotrifluoroethylene (CTFE, 99%),                       
bromotrifluoroethylene (BTFE, 98%), vinyl fluoride (VF, 98%),                        
trifluorometyl trifluorovinyl ether (99%), 1-Chloro-1-fluoroethylene (98%),                 
1,1-dichloro-2,2-difluoroethylene (90 %) (all from Synquest), ethyl iododifluoroacetate  
(EIDFA, 97%), heptafluorobenzyl iodide (97%), iodoperfluoro-tert-butane (97%),       
1,2-Diiodotetrafluoroethane (97%) (All from Matrix Scientific); 1,3-dibromo-1,1,3,3-
tetrafluoropropane (97%), carbon tetrabromide (CBr4, 98%) (both from Alfa Aesar),   
heptafluorobutyryl chloride (98%),  1,4-diiodoperfluorobutane(98%), chloroform 
(CHCl3, stabilized with ca. 1% ethanol), 4-methoxybenzenesulfonyl chloride (MBSC, 
99%), iodoform (CHI3 99+%), dimethyl sulfoxide (DMSO, 99.8%), 4-iodoanisole(98%), 
ethyl 2-bromoisobutyrate (EBIB, 98%), thymol iodide, 1,4-dioxane (Diox, 99.7%),   
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N,N’-dimethylacetamide, (DMAc, 99%), ethylene carbonate (EC, +99%), ?-caprolactone 
(CL, 99%), benzonitrile (BN, 99%, extra pure), 4-methyl-2-pentanone (reagent ACS), 
isopropanol (99.5%), vinyl acetate (VAc, 99+%), acrylonitrile (99+%), styrene (99%), 
methyl acrylate (MA, 99%) (all from Acros Organics); iodomethane (CH3I, ReagentPlus, 
99.5%), bromotrichloromethane (BrCCl3, 99%), 1-Iodohexane (98+%), halocarbon oil 
27, methanesolfonyl chloride (≥99.7%) , N-iodosuccinimide (NIS, 95%),                    
hexachloroethane (99%), trifluoromethanesulfonyl chloride (≥99%), α,α,α-
trifluorotoluene (TFT, 99%),  bromoform (CHBr3, ≥99%), acetonitrile (ACN, 99%),     
iodoacetonitrile (98%), 1H,1H,7H-dodecafluoroheptyl acrylate (95%),                        
2-bromopropionitrile (97%), dimethyl carbonate (DMC, ≥ 99% anhydrous),                       
2-butanone(ACS reagent, ≥99%), trimethyl phosphate (TMP, 99+%), diethyl carbonate 
(DEC, ≥99%), ?-butyrolactone(98+%), ?-butyrolactone (ReagentPlus, ≥99%), propylene 
carbonate (PC, 99.7%, HPLC grade), methanol (99%), anisole (99.7%), tert-butanol    
(anhydrous, 99.5%), dichloromethane (anhydrous, > 99.5%), 1,2-dichloroethane         
(anhydrous, 99.8%), o-cresol (99%), ethyl acetate (anhydrous, 99.8%), cyclopentanone 
(99%), allyl iodide (98%), 1,1,1,3,3,3-hexafluoro-2-propanol (HFIPA, > 99%),                        
(1-bromoethyl)benzene (BEB, 97%), 2-iodo-2-methylpropane (copper-stabilized, 95%), 
diethylene glycol dimethyl ether (diglyme, anhydrous 99.5%), and carbon tetraiodide   
(97 %), 1,3-butadiene (≥99%) (all from Aldrich); allyl bromide (>98%), ???'-dibromo-p-
xylene (DBPX, ≥98%), tetramethylurea (≥99.0%), N-bromosuccinimide (NBS, >95%), 
poly(ethylene oxide) 2000, vinyl chloride (≥99.5%) (all from Fluka); ?-valerolactone  
(99%) 1,10-diiododecane (97%), di-tert-butyldicarbonate (99%), allyl chloride (98%), 
(all from Janssen Chimica); carbon tetrachloride (CCl4,), acetic anhydride (certified 
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A.C.S.), N,N’-Dimethylformamide (DMF, 99.9%), trifluoroacetic anhydride (reagent 
grade), diethylene glycol monoethyl ether (lab grade), diethylether (anhydrous, 99%),  
(all from Fisher Scientific); acetone-d6 (Cambridge Isotope Laboratories, Inc., D, 99.9%),  
tetrahydrofuran (THF, 99%, acetone, 99.9 % both J. T. Baker) were used as received.  
Ethyl-2-iodoisobutyrate (EIIB), ???'-diiodo-p-xylene (DIPX) and Mn(CO)5-I were     
prepared from ethyl-2-bromoisobutyrate (EBIB, 98%, Acros), ???'-dibromo-p-xylene, 
(DBPX, ≥98%, Fisher) (99%, Fisher)33 and respectively from Mn2(CO)1034 as described 
in the literature.  
           3.2.2. Techniques. 1H NMR (500 MHz) and 19F-NMR (400 MHz) spectra were 
recorded on a Bruker DRX-500 and respectively on a Bruker DRX-400 at 24 0C in     
acetone-d6.  IR spectra were recorded on a Nicholet 560 spectrometer on KBr plates or 
pellets.  GPC analyses were performed on a Waters gel permeation chromatograph 
equipped with a Waters 2414 differential refractometer and a Jordi 2 mixed bed columns 
setup at 800C. DMAc (Fisher, 99.9% HPLC grade) was used as eluent at a flow rate of    
1 mL/min. Number-average (Mn) and weight-average molecular weights (Mw) were    
determined from calibration plots constructed with polymethylmethacrylate standards.  
All reported polydispersities are those of water precipitated samples.  While narrower 
PDIs could be obtained by MeOH precipitation, this may also lead to partial                
fractionation, especially for lower molecular weight samples.  
           3.2.3. Polymerizations. 
  3.2.3.1. PVDF Homopolymerization. In a typical reaction, a 35-mL Ace 
Glass 8648 # 15 Ace-Thread pressure tube equipped with a bushing, and plunger valve 
with two O-rings and containing a magnetic stir bar, Mn2(CO)10, (53.6 mg, 0.14 mmol) 
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and solvent (e.g. DMC, 3 mL) was degassed with He and placed in a liquid nitrogen bath. 
Note that it is important to use He for degassing, as N2 or Argon would actually condense 
in the tube in a liquid nitrogen bath.  The tube was subsequently opened, and the initiator 
(e.g. CF3-(CF2)3-I (PFBI), 0.12 mL, 0.69 mmol) was added, followed by the condensation 
of VDF (1.1 g, 17.2 mmol), directly into the tube, which was then re-degassed with He.  
The amount of condensed VDF was determined by weighing the closed tube before and 
after the addition of the monomer.   The tube was then placed in behind a plastic shield, 
in a thermostated oil bath illuminated with a commercial GE Helical 26 W fluorescent 
white light Hg spiral bulb, from about 2-4 cm. For polymerization kinetics, identical    
reactions were set up simultaneously and stopped at different polymerization times. At 
the end of the reaction, the tube was carefully placed in liquid nitrogen, slowly opened 
behind the shield, and allowed to thaw to room temperature in the hood, with the        
concomitant release of unreacted VDF.  The contents were poured in water, filtered and 
dried.  The polymer was than dissolved in DMAC, and the residual Mn inorganics (which 
may interfere with the NMR signals) were removed by column chromatography. The 
polymer was finally reprecipitated in water, filtered and dried.  While precipitation in 
MeOH is feasible, it will also lead to fractionation and narrowing of the polydispersity by 
about 0.2, especially on lower molecular weight samples. Thus, all reported GPC results 
are from water precipitation. The monomer conversion was determined as the   ratio of 
the differences of the tube weight before and after the reaction and respectively before 
and after VDF (i.e. c = (Wtafter VDF condensation - Wtafter VDF release)/(Wtafter VDF condensation –
Wtbefore VDF addition), as well as the ratio of the dry polymer to the condensed VDF. Both 
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procedures gave conversions within < 5% of each other. In this particular example the 
reaction time was 16 h, Mn = 4,015, Mw/Mn =1.31. 
  3.2.3.2. Synthesis of Poly(VDF-co-HFP) Random Copolymers. An 
identical setup was used, except VDF (2.2 g, 34 mmol) was first condensed in the tube, 
followed by HFP (1.3 g, 8.6 mmol). The tube was degassed and the polymerization was 
carried out 40 ?C under visible light irradiation. After a given amount of time, the         
solution was precipitated in cold hexane, filtered and dried. Mn = 2,764 PDI = 1.85     
conversion = 56%, corresponding to the third point in the kinetic in Figure 3.6. 
            3.2.3.3. Synthesis of PVDF Block Copolymers.  An example of the block      
synthesis is as follows:  A Schlenk tube containing a DMAC solution of PVDF-I or              
I-PVDF-I (in this case, I-PVDF-I, Mn = 2,500, PDI = 1.34, with a total halide chain end 
functionality of F = 95% (F1,Pn-CH2-CF2-I = 0.64 and F2,Pm-CF2-CH2-I = 0.31,  100 mg, 0.05 
mmol in 2 mL of DMAC), a second monomer (e.g. styrene, 215 mg, 2.1 mmol) and 
Mn2(CO)10 (36 mg, 0.1 mmol) was degassed under Ar then heated to 110 oC under       
visible light irradiation for 5 h.   The solution was precipitated in MeOH, filtered and 
dried. Mn = 14,500, PDI = 2.25 conv. = 67%, and composition, VDF/St = 30/70. 
 
3.3. Results and Discussion 
 3.3.1. Mechanistic Pathway. The proposed reaction mechanism is outlined in 
Scheme 3.1 and the polymerization setup is illustrated in Figure 3.1.  Following          
photolysis of  Mn2(CO)10 (eq. 1), irreversible21 halide abstraction from R-X (driven by 
the formation of high BDE Mn-X, X = Cl, Br, I, eq. 2)26 affords Mn(CO)5-X and R?, 
which, if reactive enough, initiates VDF polymerization (eq. 3).   
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Scheme 3.1. Mn2(CO)10 Photomediated VDF-CRP  
 
 As VDF is asymmetrical, both 1,2- and 2,1-modes of propagation (eq. 4, head to 
tail HT, ~95 %1,6,22 and respectively head to head, HH) are possible in free radical             
polymerizations.  Subsequently, the polymerization outcome is controlled by the         
carbon-halide bond strength, which determines the RX chain transfer (CT) ability (eqs. 5, 
6).  Accordingly, the initiators fall into three classes which require different amounts of  
Mn2(CO)10 for   activation, and VDF undergoes conventional FRP for RX (X = Cl, Br, I) 
and IDT mediated CRP for RF-I. Thus, initiators with strong R-X bonds (alkyl iodides, 
CHCl3, RF-Cl), do not undergo noticeable CT with PVDF?, demand stoichiometric 
Mn2(CO)10 activation and afford PVDF with no halide chain ends. See Figure 3.3.   
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 By contrast, substrates with weak R-X bonds (e.g. CF3SO2-Cl, R-CCl3, RF-X, X = 
Br, I) do undergo CT to the initiator (eqs. 5, 6), require reduced (10 %) amounts of  
Mn2(CO)10, and afford halide functionalized PVDF-X (X = Cl, Br, I, Figure 3.3).     
However, while good Cl and Br CT agents can at best provide efficient telomerizations,4         
uncatalyzed   halide DT-CRP   occurs only for iodine.  As such, high CT RF-I initiators 
suitable for IDT-CRPs,5 are  converted early in the process into macromolecular PVDF-I 
CT agents,8 where the terminal Pm-CF2-CH2-I5-9 2-1 unit is about 25 times less reactive 
towards IDT than the isomeric Pn-CH2-CF2-I 1,2-unit.8 Once all the RF-I initiator is     
consumed via CT, no new PVDF-I chains are generated, and the thermodynamically   
neutral, reversible iodine exchange (IDT, Kequil = 1), between equally reactive,           
propagating and dormant Pn-CH2-CF2? and Pm-CH2-CF2-I terminal 1,2-units (eq. 7), is in          
operation. 
   However, due to the much stronger -CH2-I bond, the cross-IDT between the 1,2- 
and 2,1- units (eq. 8) is   shifted towards the irreversible buildup of Pn-CF2-CH2-I chain 
ends, whereas the IDT of the 2,1- terminal units is virtually inexistent (eq. 9).7,8          
Bimolecular termination (though significantly suppressed in the presence of a good CT 
agent), is inevitable as well as possible chain transfer to solvent (eqs. 10-12).   
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Figure 3.1. Mn2(CO)10 mediated VDF photopolymerization typical setup (top), and the      
polymerization at several stages of conversion (bottom).  
 
 3.3.2. Control Experiments and Initiator effect.  While visible light could also 
be invoked in the photodissociation of RX, control experiments (Table 3.1, exp. 1-4)      
revealed no polymerization in the dark, or with illumination in the absence of Mn2(CO)10. 
Out of all halides investigated (Chart 3.1, Table 3.1), most of which were never            
previously reported in conjunction with Mn2(CO)10, reactive alkyl,  polyhalides, as well 
as semi and perfluorinated halides such as CHCl3, CCl4, CCl3-Br, CCl3-CCl3, 
CF3(CF2)2CO-Cl, CF3-SO2-Cl, Cl-CF2-CClF-Cl, Cl-(CF2)8-Cl, -(CF2-CFCl)n-,       
EtOOC-CF2-Br, Br-CF2-CH2-CF2-Br,   Br-(CF2)4-Br, CH3-I, CH3(CH2)5-I, I-(CH2)10-I,          
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C6F5-CF2-I, H-CF2-CF2-CH2-I, EtOOC-CF2-I, Cl-CF2-CFCl-I, CF3-I, CF3CF2-I, 
(CF3)2CF-I, (CF3)3C-I, CF3(CF2)3-I, and I-(CF2)4,6-I, all led to polymer formation, as 
demonstrated by NMR in Figure 3.3a-b and Table 3.1.   
 No initiation was observed from I2, CH3SO2Cl, CH3O-Ph-SO2Cl, CH2Cl2, CH2I2, 
CHBr3, CHBr3, CH2=CH-CH2-Cl/Br/I, Ph-CH2-Cl/Br/I, CH3-CH(CN)-Br, CH2(CN)-I or 
(CH3)2C(COOEt)-Br/I as the corresponding radicals are more stable than PVDF?.     
Remarkably, initiation is afforded not only from polyhalides and all RF-I structures 
(which also provide VDF-IDT vide infra and dramatic reduction of HH defects, Figure 
3.3b), but even from semifluorinated chain end models, and especially from simple        
inactivated alkyl iodides, thus indicating the feasibility of initiating block or graft VDF      
copolymerization directly from the corresponding initiators anchored on polymeric 
chains, surfaces, etc. Initiation is demonstrated not only for VDF but also for CF2=CFCl, 
CF2=CCl2, CF2=CFBr, CH2=CFH and VDF random copolymers with CF2=CF(CF3), 
CF2=CF(OCF3).  See Table 3.1. 
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CHART 3.1. Halide substrates tested as initiators for Mn2(CO)10 mediated VDF                         
photopolymerizations.  The compounds are qualitatively arranged by structure (rows) and halide 
type (columns), where color (Cl = blue, Br = green, Iodine = red) also indicates successful        
addition to VDF.      (RF = CF3-(CF2)n- or -(CF2)n-). 
Structure/ 
Functionality Chloride Bromide Iodide 
R-X - - CH3I,  CH3-(CH2)5-I 
X-R-X - - I-(CH2)10-I 
CH2=CH-CH2-X CH2=CH-CH2-Cl - CH2=CH-CH2-I 
NC-CH(R)-X - NC-CH(CH3)-Br NC-CH2-I 
(CH2-CO)2N-X - Br-N(CO-CH2)2 - 
Ar-X - - CH3O-Ph-I 
C6H5-CH(CH3)-X - C6H5-CH(CH3)-Br - 
C6H4(CH2-X)2 - C6H4(CH2-Br)2 C6H4(CH2-I)2 
C6F5-CF2-X - - C6F5-CF2-I 
(CH3)2C(COOEt)-X - (CH3)2C(COOEt)-Br (CH3)2C(COOEt)-Br 
CF2(COOEt)-X - CF2(COOEt)-Br CF2(COOEt)-I 
CH2X2 CH2Cl2 - CH2I2 
X2CH-CHX2 Cl2CH-CHCl2 - - 
CHX3 CHCl3 CHBr3 CHI3 
CCl3-X - CCl3-Br - 
X3C-CX3 Cl3C-CCl3 - - 
CX4 CCl4 CBr4 CI4 
R-SO2-X CH3SO2Cl - - 
RF-SO2-X CF3SO2Cl - - 
Ar-SO2-X CH3O-Ph-SO2-Cl  - 
RF-CO-X CF3-CF2-CF2-CO-Cl - - 
RF-CH2-X - - H-CF2-CF2-CH2-I 
X-CF2-CH2-CF2- X - Br-CF2-CH2-CF2-Br - 
RF-X - - CF3-I, CF3-(CF2)1,3-I 
X-RF-Y - - Cl-CF2-(CF2)4-CF2-I 
X-RF-X 
Cl-CF2-(CF2)6-CF2-
Cl Br-CF2-(CF2)2-CF2-Br I-CF2-(CF2)2,4-CF2-I 
X-RF-CFXY - - Cl-CF2-CFCl-I 
X-RF-CFX2 Cl-CF2-CFCl-Cl - - 
X-(RF-CFX)n-X Cl-(CF2-CFCl)n-Cl - - 
(CF3)2CF-X - - (CF3)2CF-I 
(CF3)3C-X - - (CF3)3C-I 
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Table 3.1. Mn2(CO)10 Mediated VDF Polymerizations: control experiments (exp. 1-4); temperature effect 
(exp. 5-16), initiator effect: good initiators (exp. 17-42), [VDF]/[I] ratio (exp 43-49), other monomers (exp. 
50-52), and ineffective initiators (exp. 53-73).  
Exp# Initiator Temp ?C 
[VDF]/[I]/ 
[Mn2(CO)10] 
Time 
(Hrs) 
Conv 
(%) 
kpapp 
(h-1) Mn PDI 
1 - 40 25/0/0 63 0 - - - 
2 - 40 25/0/0.2 64 0 - - - 
3 CF3-(CF2)2-CF2-I 40 25/1/0 20 0 - - - 
4 CF3-(CF2)2-CF2-Ia) 40 25/1/0.2 93 0 - - - 
5 CF3-(CF2)2-CF2-I  40 25/1/0.2 22 81 0.074 1,700 1.41 
6 CF3-(CF2)2-CF2-I 0 25/1/0.2 11 67 0.050 2,300 1.57 
7 CF3-(CF2)2-CF2-Ib) 25 50/1/0.15 36 10 0.002 1,000 1.33 
8 CF3-(CF2)2-CF2-Ib) 40 25/1/0.15 96 16 0.002 1,900 1.26 
9 CF3-(CF2)2-CF2-I 40 25/1/0.2 22 87 0.094 2,300 1.49 
10 I-CF2-(CF2)4-CF2-I 40 50/1/0.1 33 42 0.017 2,600 1.34 
11 CF3-(CF2)2-CF2-I 40 50/1/0.2 18 65 0.058 3,100 1.79 
12 CF3-(CF2)2-CF2-Ib) 40 50/1/0.15 64 23 0.004 1,400 1.29 
13 I-CF2-(CF2)4-CF2-I 65 50/1/0.1 14 58 0.062 2,400 1.42 
14 CF3-(CF2)2-CF2-I 75 50/1/0.2 4 60 0.223 2,000 1.55 
15 CF3-(CF2)2-CF2-Ib) 80 25/1/0.15 24 40 0.021    1,000 1.28 
16 CF3-(CF2)2-CF2-Ib) 100 50/1/0.15 27 40 0.019    900 1.32 
17 CF3SO2Clb) 40 20/1/0.1 75 10 0.001      600 1.85 
18 CHCl3  40 50/1/0.2 63 20 0.004 13,300 1.65 
19 CCl3Br  40 25/1/0.2 64 34 0.007   2,500 2.09 
20 Cl3C-CCl3  40 25/1/0.2 68 71 0.018   5,000 1.86 
21 CCl4  40 25/1/0.5 17 56 0.050   5,000 1.36 
22 CF3-(CF2)2-CO-Cl 40 50/1/0.2 62 11 0.002   7,400 2.03 
23 Cl-FClC-CF2-Cl  40 50/1/0.2 10 53 0.079   7,300 2.17 
24 Cl-(CF2-CFCl)3-6-Cl  40 50/1/0.5 21 56 0.039 10,500 1.80 
25 Cl-(CF2)8-Cl  40 25/1/0.25 40 19 0.005   9,300 1.74 
26 Br-CF2-CH2-CF2-Br  40 50/1/0.15 37 40 0.014   4,100 2.31 
27 EtOOC-CF2-Br  40 30/1/0.25 44 24 0.006   3,400 1.94 
28 Br-(CF2)4-Brb)   40 20/1/0.4 5 84 0.367   2,700 2.69 
29 CH3I  40 50/1/0.5 21 42 0.026   6,300 1.83 
30 CH3-(CH2)5-I  40 25/1/0.5 63 24 0.004   3,100 2.06 
31 I-CH2-(CH2)8-CH2-I  40 50/1/0.8 120 28 0.003 11,000 2.43 
32 HCF2-CF2-CH2-I  40 100/1/0.5 16 49 0.042   4,400 1.88 
33 EtOOC-CF2-I  40 25/1/0.2 62 84 0.030   1,200 1.71 
34 C6F5-CF2-I  40 50/1/0.75 70 50 0.010   2,600 2.43 
35 CF3Ib)  40 50/10/0.2 42 30 0.008   1,400 1.21 
36 CF3-CF2-Ib) 40 50/1/0.1 24 16 0.007   1,500 1.27 
37 (CF3)2CF-Ib) 40 50/1/0.5 20 44 0.029   3,600 1.60 
38 (CF3)3C-I  40 25/1/0.2 85 59 0.010   2,500 1.88 
39 Cl-CF2-CFCl-I  40 25/1/0.2 14 88 0.153   1,900 1.72 
40 Cl-CF2-(CF2)4-CF2-Ib) 40 50/1/0.3 40 58 0.22   1,400 1.56 
VDF/DMC = 1 mL/3mL, unless otherwise noted.  a)Dark conditions, b)ACN. 
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Table 3.1. Continued.  Mn2(CO)10 Mediated VDF Polymerizations: control experiments (exp. 1-4); 
temperature effect (exp. 5-16), initiator effect: good initiators (exp. 17-42), [VDF]/[I] ratio (exp 43-52), 
other monomers (exp. 53-59), and ineffective initiators (exp. 60-80).  
Exp# Initiator 
Temp 
?C 
[VDF]/[I]/ 
[Mn2(CO)10] 
Time 
(Hrs) 
Conv 
(%) 
kpapp 
(h-1) Mn PDI 
41 I-CF2-(CF2)2-CF2-I  40 25/1/0.4 6 87 0.340   1,900 1.68 
42 I-CF2-(CF2)4-CF2-I  40 50/1/0.4 8 78 0.189   3,200 1.50 
43 I-CF2-(CF2)4-CF2-I  40 25/1/0.1 8 86 0.246   1,700 1.24 
44 I-CF2-(CF2)4-CF2-I  40 50/1/0.1 15 68 0.076   3,900 1.42 
45 I-CF2-(CF2)4-CF2-I c) 40 100/1/0.1 12 72 0.106   6,600 1.53 
46 I-CF2-(CF2)4-CF2-I d) 40 200/1/0.4 1.5 32 0.257   7,400 1.32 
47 I-CF2-(CF2)4-CF2-I d) 40 500/1/0.4 16 38 0.026 13,200 1.58 
48 I-CF2-(CF2)4-CF2-I c) 40 1000/1/0.2 20 37 0.028 21,200 1.60 
49 I-CF2-(CF2)4-CF2-I c) 40 5000/1/0.4 28 11 0.001 23,100 1.75 
50 I-CF2-(CF2)4-CF2-I c) 40 10,000/1/2 72 <3 - 29,500 1.99 
51 I-CF2-(CF2)4-CF2-I c) 40 50,000/1/2 72 <3 - 37,000 1.79 
52 I-CF2-(CF2)4-CF2-I c) 40 100,000/1/ 72 <3 - 51,500 1.62 
53 CF3-(CF2)2-CF2-Ie) 40 25/1/0.2 18 59 0.050   1,900 1.24 
54 CF3-(CF2)2-CF2-If) 40 50/1/1 40 10 0.003   6,200 1.71 
55 CF3-(CF2)2-CF2-Ig) 40 25/1/0.2 38 89 0.058   6,400 2.62 
56 CF3-(CF2)2-CF2-Ih) 40 100/1/0.5 46 85 0.041      700 1.27 
57 CF3-(CF2)2-CF2-Ii) 40 50/1/0.5 72 45 0.008      500 1.75 
58 CF3-(CF2)2-CF2-Ij) 40 80/20/1/0.2 60 56 0.014   2,800 1.85 
59 CF3-(CF2)2-CF2-Ik) 40 70/30/1/0.5 43 44 0.013   1,900 1.99 
60 CH3SO2Cl 40 25/1/0.5 48 0 - - - 
61 CH3O-Ph-SO2Cl 40 25/1/0.5 68 0 - - - 
62 CH2Cl2 40 25/1/0.15 72 0 - - - 
63 Cl2HC-CHCl2b) 40 25/1/0.5 96 0 - - - 
64 CH2I2b) 40 50/1/0.5 40 0 - - - 
65 CH2I2 40 25/1/0.15 72 0 - - - 
66 CHBr3 40 50/1/0.2 63 0 - - - 
67 CHI3 40 50/1/0.2 63 0 - - - 
68 CBr4 40 30/1/0.5 21 0 - - - 
69 CI4 40 50/1/0.5 24 0 - - - 
70 CH2=CH-CH2-Cl 40 50/1/0.75 70 0 - - - 
71 CH2=CH-CH2-I 40 50/1/0.75 70 0 - - - 
72 CH3-(Ph)CH-Br 40 25/1/0.5 24 0 - - - 
73 (CH2-CO)2N-Brb) 40 50/1/0.5 72 0 - - - 
74 Br-CH2-Ph-CH2-Brb) 40 50/1/0.15 26 0 - - - 
75 I-CH2-Ph-CH2-Ib) 40 50/1/0.15 200 0 - - - 
76 CH3-CH(CN)-Brb) 40 25/1/0.15 120 0 - - - 
77 CN-CH2-I 40 25/1/0.5 63 0 - - - 
78 (CH3)2C(COOEt)-Br 40 25/1/0.5 85 0 - - - 
79 (CH3)2C(COOEt)-Ib) 40 50/1/0.3 18 0 - - - 
80 I-Ph-OCH3 40 25/1/0.5 62 0 - - - 
Table 3.1. Continued:  All experiments in DMC (VDF/DMC = 1.1 g/3mL), unless otherwise noted.  
a)Dark conditions, b)ACN. c)VDF/DMC = 4.4 g/6mL. d)VDF/DMC = 1.7 g/3mL, e)CF2=CFCl, f)CF2=CFBr, 
g)CH2=CFCl, h)CCl2=CF2, i)CH2=CFH, j)VDF/HFP,  k)VDF/CF2=CF(OCF3).    
 
 3.3.3. Solvent Effect.  Typical VDF reactions are carried out in the non-solvent 
acetonitrile (ACN),1,4-8 but there is very little data22 on the solvent effect in VDF 
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polymerizations, let alone photopolymerizations. Thus, we first surveyed a large number 
of solvents (Figure 3.2a-b, Table 3.2) noting that minimization of solvent CT outweighs          
solubility considerations.  
 As such, no polymerization occurred in anisole, trifluorotoluene, diglyme,        
diethylene glycol monoethyl ether, ethyl ether, THF, dioxane, o-cresol, isopropanol,    
trifluoroacetic anhydride, tetrametyl urea, sulfolane, benzonitrile, cyclopentanone even 
after 1-3 days.  Indeed, all good PVDF solvents23a (DMF, DMAC, etc.) acted as strong 
CT agents and led to very low conversions.  By contrast, while fast polymerizations could 
be carried out even in water, remarkable trends were observed with carbonates, especially 
dimethyl   carbonate (DMC), a green solvent.23b  Indeed, although DMC does not        
dissolve PVDF at rt, and similarly to ACN, the reaction displays typical features of      
heterogeneous polymerizations of gaseous monomers,23c it provides by far the fastest   
reaction rates, at least five times those obtained in ACN.  As DMC is stable to             
photolysis,24 this is not a photosensitizing effect, but a consequence of low CT, better 
monomer solubilization and polymer swelling,25 which enables faster monomer diffusion 
to the propagating center.   
Poor reaction rates (kpapp < 1- 9 x 10-3 h-1) were observed in HMPA, 2-butanone, 
methyl pentanone, DMF, DMSO, PEO, DMAc, ?-valerolactone, tBuOH and EtOAc.  
Slightly faster polymerizations (kpapp = 1 – 1.7 x 10-2 h-1) were seen in CH2Cl2, acetic   
anhydride, ?-butyrolactone, 1,2-dichloroethane, timethylphosphate (TMP), MeOH,     
pentafluorobutane (PFB) and C6F6, whereas ?-butyrolactone (?-BL), ?-caprolactone       
(?-CL), ACN and H2O displayed medium rates (kpapp = 2.4 - 2.9 x 10-2 h-1).  While fast 
polymerizations occurred in diethyl and propylene carbonate (DEC, PC), (kpapp =  3 - 3.3 
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x 10-2 h-1), the fastest rates were provided by ethylene carbonate (EC),                        
heptafluoroisopropyl alcohol (HFIPA) (kpapp = 5 - 7 x 10-2 h-1) and especially by dimethyl 
carbonate (DMC) (kpapp = 1 x 10-1 h-1).  
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Figure 3.2a. Solvent effect in Mn2(CO)10 photomediated VDF polymerizations. 
[VDF]/CF3(CF2)2-CF2-I/[Mn2(CO)10] = 25/1/0.2. T = 40°C. 
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Figure 3.2b. Reaction rates comparison in DMC and ACN in Mn2(CO)10 photomediated 
VDF polymerizations. [VDF]/CF3(CF2)2-CF2-I/[Mn2(CO)10] = 25/1/0.2. T = 40°C. 
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Table 3.2. Solvent Effect in Mn2(CO)10 Photomediated VDF Polymerizations.a)  
Exp. Solvent Time  (Hrs) 
Conv 
(%) 
kpapp  
(h-1) Mn PDI 
1      Anisole 63 0 - - - 
2 Benzonitrile 24 0 - - - 
3 Cyclopentanone 23 0 - - - 
4 Diethylene glycol monoethyl ether 48 0 - - - 
5 Diglyme 18 0 - - - 
6 Dioxane 20 0 - - - 
7 Diethyl ether 63 0 - - - 
8 Isopropanol 18 0 - - - 
9 o-Cresol 23 0 - - - 
10 Tetramethylurea 48 0 - - - 
11 Trifluorotoluene 56 0 - - - 
12 THF 48 0 - - - 
13 Trifluoroacetic anhydride 21 0 - - - 
14 2-Butanone 72 10 0.001 1,700 1.12 
15 DMF 74 13 0.002 2,800 1.15 
16 4-Methyl-2-pentanone 72 15 0.002 1,500 1.12 
17 DMSO 74 17 0.003 2,800 1.07 
18 PEO Mn = 2000 63 15 0.003 1,000 1.19 
19 DMAc 21 8 0.004 3,700 1.19 
20 ?-Valerolactone 21 12 0.006    500 2.74 
21      tBu-OH 17 10 0.006    600 1.29 
22 Ethyl acetate 63 42 0.009 1,400 1.21 
23 CH2Cl2 18 18 0.011    700 1.30 
24 Acetic anhydride 48 42 0.011 1,000 1.21 
25 ?-Butyrolactone 21 26 0.014    700 1.26 
26 1,2-dichloroethane 20 27 0.016    800 1.47 
27 Trimethylphosphate 16 21 0.015 3,200 1.18 
28 Pentafluorobutane 20 26 0.015 1,000 1.48 
29 MeOH 17 24 0.016    800 1.45 
30 Hexafluorobenzene 14 21 0.017    600 1.39 
31 Acetonitrile 22 41 0.024 1,200 1.35 
32 ?-Butyrolactone 21 40 0.024 1,000 1.39 
33 ?-Caprolactone 21 40 0.024 1,100 1.28 
34 H2O 18 41 0.029    800 1.63 
35 Diethyl carbonate 22 48 0.030 2,600 1.13 
36 Propylene carbonate 17 43 0.033    800 1.41 
37 Ditbutyldicarbonate (DTDC) 21 50 0.033    900 1.40 
38 Ethylene carbonate 17 58 0.051 1,200 1.79 
39 Heptafluoroisopropyl alcohol 23 78 0.066 1,400 1.37 
40 Acetone 8 47 0.079 1,000 1.33 
41 Dimethyl carbonate 16 84 0.114 4,000 1.31 
a)[VDF]/[CF3-CF2-CF2-CF2-I]/Mn2(CO)10 = 25/1/0.2, T = 40 ?C.  
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 3.3.4. NMR Discussion.  Examples of the d6-acetone, 1H-NMR PVDF spectra 
are presented in Figure 3.3a (R-X, RF-X, X = Cl, Br) and Figure 3.3b (R-I and RF-I) and 
summarized in Table 3a,b.  A comparison of the 1H and 19F-NMR of I-PVDF-I is        
presented in Figure 3.4 and Table 3.4, while a comparison of the 19F-NMR spectra of    
PVDF-I and PVDF-H is shown in Figure 3.11a,b and Table 3.4. 
3.3.4.1. 1H-NMR.  In addition to known PVDF H-NMR resonances,31-38 
acetone is seen at ? = 2.05 ppm and H20 at ? = 2.84 ppm.31  The other sets of   signals are 
associated with PVDF propagation and termination events and respectively with the    
specific initiator used.  
           3.3.4.2. PVDF Main Chain Resonances:  Two dominant, propagation    
derived PVDF main chain signals are observed: First, the head to tail (HT),                       
-CF2-[CH2-CF2]n-CH2-, broad multiplet a, appears at ? = 2.8 - 3.1 ppm.   Second, the 
head to head (HH) -(CH2-CF2)n-CF2-CH2-CH2-CF2-(CH2-CF2)m- linkage (typically HH = 
5-10 % in free radical VDF polymerizations)36,37,40,41,42,43 a’ is observed at ? = 2.3 - 2.4 
ppm.     Conversely, the resonances derived from typical PVDF termination by the                    
recombination44 of terminal HT or HH units cannot be easily identified due to overlap, as 
follows: HT/HT (-CH2-CF2-CH2-CF2-CF2-CH2-CF2-CH2-, overlap with the HT main 
chain), HT/HH (-CH2-CF2-CH2-CF2-CH2-CF2-CF2-CH2-, identical to HT propagation), or 
HH/HH (-CH2-CF2-CF2-CH2-CH2-CF2-CF2-CH2-, identical to HH propagation).           
Interestingly, such termination is dramatically suppressed in the presence of active      
perfluoroiodo CT agents,31,45-47 and is visualized by the disappearance of the HH peak 
a’46 which becomes -CF2-CH2-I (c’ vide infra). 
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  3.3.4.3. Initiator Chain Ends.  The second set of signals, b and b’         
correspond to the first VDF unit connected with RF (RF-CH2-CF2-) and the RH initiator 
fragment, and confirm the predominantly regiospecific47-49 1,2-connectivity                 
(RF-CH2-CF2-) and favored for larger size of R or RF.  
  3.3.4.4. Halide Chain Ends: The c and c’ resonances represent the       
corresponding PVDF halide chain ends (i.e. HT: c, -CH2-CF2-CH2-CF2-X and HH: c’,     
-CH2-CF2-CF2-CH2-X), and in essence, quantify the CT ability of the initiator.  Since 
Mn(CO)5-X is not a halide donor50 the concentration of c and c’ may  decrease with    
increasing the amount of Mn2(CO)10 employed.  Their ratio will also depend on         
conversion for X = I.  The c/c’ ratio is less affected by conversion for Cl and Br initiators 
which are not capable of DT under polymerization conditions.  However, similarly to 
VAc,50 it does change in the favor of the less reactive -CH2-CF2-CF2-CH2-X for           
perfluoroiodo derivatives. 
           3.3.4.5.  H Chain Ends: While dramatically suppressed in IDT,            
termination can may also occur by H transfer to the HT ~CH2-CF2? or to a smaller extent 
to the HH ~CF2-CH2? propagating units to form -CH2-CF2-H (peak d, triplet of triplets at 
? = 6.3 ppm 3JHH = 4.6 Hz 2JHF = 54.7 Hz) and respectively, -CH2-CH3 (peak d’, triplet at 
1.80 ppm, 3JHF = 19.2 Hz).36,51 Such H-transfers may arise from either the solvent, the 
main chain (inter or intramolecular), or by disproportionation with the terminal HT unit, 
to also give a -CH2-CF2-CH=CF2 unsaturation, observed in a few cases as a trace        
multiplet at b” at ~ 5.2 ppm.   
                       3.3.4.6. Solvent-derived chain ends: Chain transfer to an RS-H solvent 
may occur by H abstraction leading to the -CH2-CF2-H and -CF2-CH2-H chain ends     
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described above.  This will happen especially when the C-X bond of the initiator or the 
chain end is very strong, i.e. for very weak CT agents.  For most typical RS-H solvents, 
the resulting RS? radicals are not reactive enough to reinitiate VDF and are consumed by 
dimerization.  Thus, the solvent fragment will not be observed in NMR.  This is the case 
of ACN (NC-CH2-H).  Indeed, while Mn2(CO)10 clearly activates the corresponding     
iodide NC-CH2-I (Table 3.1, exp 74), no polymer is obtained, as the resulting              
CN-stabilized radical dimerizes without addition to VDF (i.e. chain breaking and transfer 
without reinitiation) and is thus absent from the NMR of the polymer.  
By contrast, a more reactive CH3-O-CO-O-CH2-? radical is generated by H abstraction 
from DMC. Thus, DMC provides chain transfer with reinitiation, (i.e. without breaking 
the radical chain) and this can be seen as trace signals for the poor initiators (e.g.         
CF3-(CF2)2-CO-Cl) as CH3-O-CO-O-CH2-CH2-CF2- at ? = 3.74 s, 3H and respectively at 
? = 4.33 ppm, t, 2H.  However, this transfer is not observed for the linear perfluoroalkyl    
iodides suitable for VDF-CRP. 
 The initiation from each halide is described below as follows: 
 Cl and Br initiators: 
CF3-SO2-Cl: As for other RF-SO2-Cl derivatives, SO2 extrusion occurs upon radical   
formation52-54 and peak b, CF3-CH2-CF2-CH2-CF2-,47 is seen at ? = 3.24 ppm, (tq 3JHF = 
10.3 Hz, 3JHF = 5.2 Hz).  As described later, this is identical with initiation from CF3-I 
and similar with that from most RF-X initiators.  Peak c, ? = 3.44 ppm,38 (tt, 3JHF = 14.6 
Hz) corresponds to the HT -CF2-CH2-CF2-Cl chain end, while, the -CF2-CF2-CH2-Cl c’  
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chain end is not observed.  The high value of f = 0.89 reflects the good CT ability of this 
initiator which has a very labile SO2-Cl bond.  Remarkably, very little HH content or H 
transfer are observed.  
CCl4: Since polyhalide radicals add regioselectively onto the CH2 side of VDF,48  the 
CCl3-CF2-CH2-CF2-CH2- minor isomer if any, is probably masked by the main chain.  
Thus, the dominant CCl3-CH2-CF2-CH2-CF2-, b, is observed at ? = 3.75 ppm38,55 (t, 3JHF = 
14.8 Hz) whereas the halide chain end c, -CH2-CF2-Cl is seen at ? = 3.44 ppm38 (tt, 3JHF 
= 14.4Hz) and even traces of -CF2-CH2-Cl (c’ = 7% of d) can be seen at ? = 4.04 ppm (t, 
3JHF = 13.6 Hz).   A partial overlap of c with possible difunctional initiation -CF2-CH2-
CCl2-CH2-CF2- is seen at ? = 3.36 ppm (t, 3JHF = 16 Hz).   The chain end functionality is f 
= 0.47.   
CCl3Br: Similarly to CCl4, the CCl3-CH2-CF2-CH2-CF2-, b, is again observed at ? = 3.75 
ppm38,54 (t, 3JHF = 14.8 Hz) whereas the cBr, and cBr’ bromine chain ends -CH2-CF2-Br 
and -CF2-CH2-Br are seen at ? = 3.56 ppm38,51,56,57 (tt, 3JHF = 15.2Hz) and respectively     
? = 3.94 ppm (t, 3JHF = 14.4 Hz).38,56  Interestingly, Cl-derived -CH2-CF2-Cl and -CF2-
CH2-Cl chain ends cCl and c’Cl can also be seen at ? = 3.45 ppm (q, 3JHF = 14.6 Hz) and            
respectively ? = 4.04 ppm (t, 3JHF = 13.6 Hz).  While the less active -CF2-CH2-Cl appears 
to be of a similar intensity with -CH2-CF2-Br, this is simply because the excess 
Mn2(CO)10 used in this reaction has already irreversibly abstracted Br from the more   
reactive -CH2-CF2-Br chain end, thus decreasing its concentration. Moreover, trace         
difunctional initiation can be distinguished (-CF2-CH2-CCl2-CH2-CF2, (? = 3.37 ppm, q, 
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3JHF = 15.6 Hz).  As CCl3Br is a much better VDF CT agent than CCl4,46 a better chain 
end functionality is expected.   
CCl3-CCl3:  The connectivity peak b CCl3-CCl2-CH2-CF2- appears at ? = 3.59 (t, 3JHF = 
15 Hz). The c -CH2-CF2-Cl and c’ -CF2-CH2-Cl halide chain ends can be seen at ? = 3.45 
ppm, (3JHF = 14.6 Hz) and respectively ? = 4.04 ppm (t, 3JHF = 13.6 Hz). Trace             
difunctional initiation seen as -CF2-CH2-CCl2-CCl2-CH2-CF2-, ? = 3.49 ppm (3JHF = 16.2 
Hz) whereas the multiplets at 3.1-3.3 ppm most likely correspond to a combination of 
CCl3-CCl2-CH2-CF2-CH2-CF2- at ? = 3.15 ppm and the 2,1-reverse addition              
CCl3-CCl2-CF2-CH2-CF2- at 3.25 ppm (quintet, 3JHF = 16.1 Hz).   
CHCl3:  The initiator connectivity can be observed via the b’ resonances of the             
H-CCl2-CH2-CF2- (t, ? = 6.37 ppm, 3JHH = 6.1 Hz) 1,2-addition fragment, partially     
overlapping with the CH2-CF2-H chain end (d), and via the trace H-CCl2-CF2-CH2    
(multiplets at ? = 6.45 ppm - 6.53 ppm) corresponding to the less frequent 2,1-addition.  
Since       neither CH2Cl2 nor Cl-CHCl-CHCl-Cl did initiate polymerization, it is unlikely 
that CHCl3 is capable of a second initiation.  The first VDF unit b HCCl2-CH2-CF2- is 
seen at ? = 3.13 ppm (td 3JHH = 6.2 Hz, 3JHF = 9.8 Hz) while the HCCl2-CF2-CH2- unit is 
not    observed.  However, no c or c’ halide chain ends were detected since CHCl3 is a 
much poorer VDF CT agent48 than CF3-SO2Cl, CCl4 and CCl3Br. 
Cl-CFCl-CF2-Cl (Freon): In this case, mono and difunctional initiation is possible and 
thus the first VDF units b, i.e. Cl-CF2-CFCl-CH2-CF2- and Cl-CFCl-CF2-CH2-CF2- are 
seen as multiples at ? = 3.4 ppm and respectively ? = 3.25 ppm.  Conversely, the 2,1-
addition from the more reactive (Cl-CFCl-CF2-Cl) side would afford                        
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Cl-CF2-CFCl-CF2-CH2-CF2- with a very similar chemical shift.  Again, the c and c’         
-CH2-CF2-Cl and -CF2-CH2-Cl halide chain ends are absent, indicating that similarly to 
CHCl3, Cl-CFCl-CF2-Cl is a very poor VDF CT agent.  
Halocarbon oil: Cl-(CF2-CFCl)3-6-Cl. This oligomeric multifunctional initiator closely 
resembles Cl-CFCl-CF2-Cl (Freon) and perfluoro isopropyl chloride CF3-CFCl-CF3.  
Thus, like Freon, the initiator connectivity peak (~CH2-CF2)2CF-CH2-CF2- appears as a 
multiplet at ? = 3.4 ppm whereas initiation from the -CF2-Cl termini of halocarbon oil 
appears at ? = 3.25 ppm.  While the secondary C-Cl bond here may be weaker than          
-CF2-Cl, Mn2(CO)10 preferentially activates primary halides.58  Similarly to all perfluoro 
chlorides, no -CF2-CH2-Cl or -CH2-CF2-Cl chain ends are seen due to the very poor CT 
ability of this initiator.  However, this initiator represents a model of for the future      
synthesis of PVDF stars or grafting of PVDF from polymer halides.  
Cl-CF2-(CF2)6-CF2-Cl: The initiation is demonstrated by the b multiplet at ? = 3.28 ppm 
assigned to -CF2-CH2-(CF2)8-CH2-CF2-.  Similarly to all perfluoro chlorides, no               
-CF2-CH2-Cl or -CH2-CF2-Cl halide chain ends can be seen.  
CF3-(CF2)2-CO-Cl: The CF3-(CF2)2-CO-CH2-CF2- is most likely overlapping with the 
PVDF main chain and again no halide chain end is observed.  
EtOOC-CF2-Br: The b’ initiator peaks (CH3-CH2-O- and CH3-CH2-O- are seen at ? = 
1.33 ppm (t, 3JHH = 7.15 Hz) and respectively at ? = 4.36 ppm (q, 3JHH = 7.09 Hz)    
whereas the initiator connectivity is revealed by the EtOOC-CF2-CH2-CF2- resonance b ? 
= 3.11 ppm, 3JHF = 15.57 Hz.  The -CF2-CH2-CF2-Br is observed at ? = 3.55 ppm (q, 3JHF 
= 15 Hz),38,51,56,57 and the -CF2-CH2-Br resonance is absent.  A reasonable chain end      
functionality f = 0.5 is available for this initiator. 
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Br-CF2-CH2-CF2-Br: The initiator connectivity with PVDF is undetectable as it        
provides the same structure as the HT main chain.  However, the c -CF2-CH2-CF2-Br    
halide chain end is observed at ? = 3.55 ppm (q, 3JHF = 15 Hz) 38,51,56,57 while the c’          
-CF2-CH2-Br resonance is absent, indicating that no DT is in effect (otherwise it would        
accumulate).  This initiator also represents a model of the higher reactivity 1,2-halide 
chain end unit. 
Br-CF2-CF2-CF2-CF2-Br:  The first VDF unit -(CF2)4-CH2-CF2- is seen at ? = 3.21 ppm 
(q, 3JHF = 15 Hz).  The -CF2-CH2-CF2-Br halide end is observed at ? = 3.55 ppm (q, 3JHF 
= 15 Hz), 38,51,56,57 and again the -CF2-CH2-Br resonance is not observed, indicating that 
no Br-DT is in effect.  
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Figure 3.3a. 500 MHz acetone d6 1H-NMR spectra of PVDF initiated from Cl and Br substrates. * Impurities associated with    
solvent or initiator. 
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Table 3.3a. Characterization of PVDF samples initiated from Cl and Br substrates. 
Expt # Initiator 
[VDF]/[I]/ 
[Mn2(CO)10] 
 
Conv 
(%) Mn
NMR PDI MnGPC R-CH2-CF2 
Halide 
Chain-end fTotal(%) 
1 Br-CF2-(CF2)2-CF2-Bra) 20/1/0.4 84 4,422 2.69 2,700 b,  ( Q, ? =3.21 ppm) cBr 55 
2 Br-CF2-CH2-CF2-Bra) 50/1/0.15 25 N/A 1.32 1,000 N/A cBr 76 
3 EtOOC-CF2-Brb) 30/1/0.25 24 2,364 1.94 3,400 b', (q, ? = 4.36 ppm 
and t, ? = 1.33 ppm)  
cBr 50 
4 CF3-(CF2)2-CO-Clb) 50/1/0.2 11 N/A 2.03 7,400 N/A N/A N/A 
5 Cl-CF2-(CF2)6-CF2-Cla) 10/1/0.4 30 5,058 2.16 3,900  b, (m, ??= 3.28 ppm) N/A N/A 
6 Cl-(CF2-CFCl)3-6-Cla) 25/1/0.5 25 5,610 1.71 5,700  b, (m, ??= 3.25 ppm; 
m, ? = 3.4 ppm) 
N/A N/A 
7 Cl-CFCl-CF2-Cla) 50/1/0.15 17 4,735 2.15 5,400  b, (m, ??= 3.25 ppm; 
m, ? = 3.4 ppm) 
N/A N/A 
8 CHCl3a) 50/1/0.15 10 6,440 2.11 4,600 b', (t, ? = 6.37 ppm)  N/A N/A 
9 Cl3C-CCl3a) 10/1/0.1 59 N/A 2.00 2,500 b, (t, ? = 3.59 ppm)  cCl , cCl' N/A 
10 Cl3C-Bra) 25/1/0.5 22 3,211 1.96 2,400 b, (t, ? = 3.75 ppm) cBr , cBr', cCl and cCl' 91 
11 CCl4a) 30/1/1 62 4,158 2.19 3,600 b, (t, ? = 3.75 ppm) cCl and cCl' N/A 
12 CF3SO2Cla) 20/1/0.1 10    783 1.85    600 b, (tq, ? = 3.24 ppm) cCl  95 
Polymerization was carried out in a) ACN, b) DMC.   
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(a) Iodo Initiators:  
Alkyl Iodides: 
CH3-I: The initiator derived chain ends36,59 of the dominant 1,2-addition are seen as     
CH3-CH2-CF2- (? = 1.02 ppm, 3JHH = 7.5Hz) and CH3-CH2-CF2- (m, ? = 2 ppm,  under 
the acetone peak).  The less favored 2,1-addition, CH3-CF2-CH2-CH2-CF2- (t, ? = 1.55 
ppm), or the termination via H abstraction onto a HH unit CH3-CF2-CF2-CH2-CF2- (tt, ? 
= 1.80) are not observed.  Moreover, no iodine chain ends are detected, indicating that 
CH3-I is a very poor CT agent.   
CH3-(CH2)4-CH2-I:  The initiation is demonstrated by the alkyl resonances with       
CH3-(CH2)5-, ? = 0.88 ppm (t, 3H, 3JHH = 7 Hz), CH3-(CH2)4-CH2-CH2-CF2- ? = 1.32 
(broad multiplet 1.24-1.41 ppm, 6.8 H), and CH3-(CH2)4-CH2-CH2-CF2-, ? = 1.49 ppm 
(m, 1.2 H).   The integral mismatch indicate ~ 15 % 2,1-addition, where the last       
methylene of the initiator (CH3-(CH2)4-CH2-CF2-CH2-CH2-CF2-) and the methylene of 
the first VDF 1,2-unit (CH3-(CH2)4-CH2-CH2-CF2-) overlap with acetone.    Again, no 
iodo chain ends are observed.  
 I-CH2-(CH2)8-CH2-I: The initiator alkyl peaks are all observed as multiplets as follows:  
PVDF-CH2-CH2-CH2-(CH2)4-CH2-CH2-CH2-PVDF-, ? = 1.31 ppm, PVDF-CH2-CH2-
CH2-(CH2)4-CH2-CH2-CH2-VDF-, ? = 1.50 ppm, VDFn-CH2-CH2-CH2-(CH2)4-CH2-CH2-
CH2-VDFn-, ? = 1.60 ppm, and finally PVDF-CH2-CH2-CH2-(CH2)4-CH2-CH2-CH2-
PVDF-, ? = 1.8 ppm and 2 ppm, depending on the 1,2- and 2,1-addition, and overlapping 
with terminal CH3-CF2- and respectively with acetone.  A small CH3-CH2-(CH2)8-,      
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derived from H chain transfer to the initiator is also seen (t, ? = 0.88 ppm). Once more, 
no iodo chain ends are present. 
Semi and Perfluorinated Iodides.  
HCF2-CF2-CH2-I.  The initiator resonance, b’, H-CF2-CF2-CH2-PVDF seen at ? = 6.3 
ppm overlaps with the resonance d, (PVDF-CH2-CF2-H) corresponding to the termination 
by H abstraction.  Thus, while this triplet may suggest higher termination, it is in fact an 
initiator fragment.60  Conversely, the methylene initiator resonance H-CF2-CF2-CH2-CH2-
CF2-PVDF, overlaps with the HH PVDF a’ unit at ? = 2.35 ppm.  H-CF2-CF2-CH2-I is 
the least active iodine initiator in the series for which iodine chain ends are detected.  
Thus, resonance c’ i.e.  -CF2-CH2-I is observed at ? = 3.87 ppm (t, 3JHF = 18.2 Hz).  As 
HCF2-CF2-CH2-I represents a model for the less reactive PVDF-CF2-CH2-I chain end, 
polymer formation here, in conjunction with chain end activation experiments  
demonstrate that Mn(CO)5? activates not only -CH2-CF2-I, but also the less reactive         
-CF2-CH2-I PVDF termini, thus supporting complete chain end activation for block  
copolymerization.   
(CF3)3C-I. The (CF3)3C-CH2-CF2- is observed at ????3.24 (t, 3JHF = 17.1 Hz) while the 
less reactive c’ i.e.  -CF2-CH2-I is observed at ? = 3.88 ppm.  This is also the first iodide 
initiator where the more reactive -CH2-CF2-I chain end is beginning to emerge (c, ? = 
3.62 ppm, q, 3JHF = 16 Hz) The results with this initiator are consistent with the            
unfavorable attack of Mn(CO)5? on tertiary halides as well as with the unflavored attack 
of very electrophilic radicals onto electrophilic alkenes. 
EtOOC-CF2-I.  Similarly to its Br counterpart above, the b’ resonances (CH3-CH2-O-  
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and CH3-CH2-O- are seen at ? = 1.33 ppm (t, 3JHH = 7.15 Hz) and respectively ? = 4.36 
ppm (q, 3JHH = 7.09 Hz) whereas the initiator connectivity b resonance                   
EtOOC-CF2-CH2-CF2- is observed at ? = 3.10 ppm, (m, 3JHF = 15.6 Hz).  Both c and c’ 
resonances are again present.    
C6F5-CF2-I: The PVDF first unit b C6F5-CF2-CH2-CF2 is seen as a multiplet at ? = 3.30 
ppm and the resonances c and c’ -CH2-CF2-I and -CF2-CH2-I are observed at ? = 3.62 
ppm (q, 3JHF = 16 Hz) and respectively ? = 3.87 ppm (t, 3JHF = 18.2 Hz) as above. 
(CF3)2CF-I: The first VDF unit (CF3)2CF-CH2-CF2- b, is seen at ? = 3.23 ppm (quartet, 
3JHF = 17.5 Hz) with the resonances c and c’ as above.  
CF3-I: The typically regiospecific CF3-CH2-CF2 addition47,61 is evidenced at ?? = 3.24 
ppm, (tq, 3JHF = 10.3 Hz, 3JHF = 5.2 Hz), as already observed for CF3-SO2-Cl.  In          
addition, both -CF2-CH2-I and -CH2-CF2-I iodine chain ends units c and c’ are clearly 
seen as before.  
CF3-CF2-I:  The first VDF unit b CF3-CF2-CH2-CF2-PVDF is seen at?? = 3.20 ppm, 
(quintet, 3JHF = 17.1 Hz) while both iodine chain ends c and c’ are again observed as 
above. 
CF3-(CF2)2-CF2-I (PFBI):  The first VDF unit b, CF3-(CF2)4-CF2-CH2-CF2 is present at 
? = 3.24 ppm, (quintet 3JHF = 17.1 Hz) as are both c and c’ iodo resonances as above.  
Cl-CF2-(CF2)4-CF2-I:  Similarly, the b connectivity is seen at?? = 3.23 ppm, and so are 
the iodo c and c’ iodo resonances.  However, the Cl chain ends are absent, indicating that 
no CT is available towards ~CF2-Cl.  
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Cl-CF2-CFCl-I.  This initiator bears a strong resemblance with Cl-CF2-CFCl-Cl and 
thus, the connectivity peaks (b) -CFCl-CF2-CH2-CF2- and ~CF2-CFCl-CH2-CF2- are also 
observed as multiplets at ? = 3.22 ppm and respectively ? = 3.39 ppm.  Interestingly,    
although the Cl-CF2- bond is likely stronger than the -FClC-I, this initiator still provides 
difunctional growth.  However, only the I-derived chain ends are present while, as for 
Freon, the Cl chain ends are not detected. 
I-(CF2)4-I and I-(CF2)6-I.  These structures are difunctional initiators with equal         
reactivity end groups.  The connectivity is demonstrated by the -CF2-CH2-(CF2)4-CH2-
CF2- and -CF2-CH2-(CF2)6-CH2-CF2- b at ? = 3.16 ppm, (quintet, 3JHF = 16.5 Hz) and  
respectively at ? = 3.22 ppm, (quintet, 3JHF = 17.1 Hz).  In both cases, excellent iodine 
chain ends are seen in conjunction with greatly diminished termination and HH addition 
similarly to all good perfluoro iodine initiators. 
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Figure 3.3b. 500 MHz acetone d6 1H-NMR spectra of PVDF initiated from iodine substrates. 
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Table 3.3b. Characterization of PVDF samples initiated from I substrates. Polymerization was carried out in a)ACN, b) Acetone, c) DMC. 
Expt # Initiator 
[VDF]/[I]/ 
[Mn2(CO)10] 
 
Conv 
(%) Mn
NMR PDI MnGPC R-CH2-CF2 
Halide 
Chain-end fTotal(%)  
1 CH3-Ia) 50/1/0.5 20 8,913 1.94 13,900 b',  ( t, ? =1.02 ppm) N/A N/A 
 
2 CH3-(CH2)4-CH2-Ia) 10/1/0.4 8   696 1.46 3,100 b',(t, ? = 0.88 ppm; m, ? = 
1.32 ppm and m, ? = 1.49 
ppm)   
N/A N/A  
3 I-CH2-(CH2)8-CH2-Ia) 20/1/0.5 15 N/A 1.83 2,700 b', (m, ? = 1.31 ppm; m, ? = 
1.50 ppm and m, ??= 1.60 
ppm) 
N/A N/A  
4 CF2H-CF2-CH2-Ib) 50/1/0.2 30 N/A 1.53 1,600 b', (t, ? = 6.3 ppm) c' N/A 
 
5 (CF3)3C-Ia) 50/1/0.4 59 2,288 1.88 2,500 b, m, ? =  3.24 ppm c and c' 70 
 
6 EtOOC-CF2-Ic) 25/1/0.2 84 1,115 1.71 1,200 b', ( t, ? = 1.33 ppm; q, ? = 
4.36 ppm ; b, ( m, ? = 3.10 
ppm) 
c and c' 51  
7 C6F5-CF2-Ia) 25/1/0.5 37 1,464 1.36 1,800 b, (m, ? =3.30 ppm) c and c' 54 
 
8 (CF3)2CF-Ia) 50/1/0.2 26 1,918 1.39 2,100 b, ( m, ??=  3.23 ppm) c and c' 73 
 
9 CF3-Ia) 50/10/0.15 30 1,262 1.21 1,400 b,(tq, ? = 3.24 ppm) c and c' 95 
 
10 CF3-CF2-Ia) 50/1/0.1 16 1,185 1.27 1,500 b,(Q, ??=  3.20 ppm) c and c' 93 
11 CF3-(CF2)2-CF2-Ic) 50/1/0.1 30 1,479 1.38 1,300 b, (m, ? =  3.24 ppm) c and c' 81 
 
12 Cl-CF2-(CF2)4-CF2-Ia) 50/1/0.3 58 1,572 1.56 1,400 b, (m, ? =  3.23 ppm) c and c' 78 
 
13 Cl-CF2-CFCl-Ic) 50/1/0.1 30 1,385 1.36 1,100 b, (m, ? =  3.22 ppm and m, 
? =  3.39 ppm) 
c and c' 94  
14 I-CF2-(CF2)2-CF2-Ic) 50/1/0.4 34 2,144 1.38 2,000 b, (m, ? = 3.16 ppm) c and c' 95 
 
15 I-CF2-(CF2)4-CF2-Ic) 50/1/0.4 41 1,921 1.44 1,800 b, (m, ? = 3.22 ppm) c and c' 96 
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             3.3.4.7. 19F-NMR Characterization of I-PVDF-I, PVDF-I and PVDF-H 
A comparison of 1H- and 19F-NMR proton decoupled spectra of I-PVDF-I initiated from 
I-(CF2)6-I is provided in Figure 3.4, while a comparison of the 19F-NMR spectra of 
PVDF-I initiated from CF3-CF2-CF2-CF2-I with the corresponding PVDF-H (obtained by 
reacting PVDF-I with excess Mn2(CO)10 is shown in Figure 3.11a,b.  The corresponding  
assignments are presented in Table 3.4, using the same notation as for the 1H-NMR    
spectra.  In all cases, the 1H and 19F spectra are in accordance, and give very similar  
values for functionality or MnNMR.  The 19F assignments are discussed below. 
 The main chain PVDF HT -CF2-[CH2-CF2]n-CH2- unit a is observed at ? = -91.3 
ppm.   While the HH units are greatly minimized in VDF-IDT, trace internal HH are seen 
as a series of 3 resonances -CH2-CF2-CH2-CF2-CF2-CH2-CH2-CF2-CH2-CF2-,                  
-CH2-CF2-CH2-CF2-CF2-CH2-CH2-CF2-CH2-CF2- and -CH2-CF2-CH2-CF2-CF2-CH2-
CH2-CF2-CH2-CF2-, peaks a’, a’1 and a’2 at ? = -113.5 ppm,  ? = -115.9 ppm and        
respectively, ? =  - 95.1 ppm.  Interestingly, penultimate -CH2-CF2-CF2-CH2-CH2-CF2-I 
and respectively   -CH2-CF2-CF2-CH2-CH2-CF2-H HH units can also be distinguished as 
a’3 and a’4 at ? =  -115.2 ppm and ? = -115.8 ppm.  
 The connectivity of the RF initiators with the main chain is demonstrated by the 
resonance b, PVDF-CF2-CH2-CF2-CF2-CF2-CF2-CF2-CF2-CH2-CF2-PVDF and           
respectively CF3-CF2-CF2-CF2-CH2-CF2-PVDF associated with the first VDF unit.  
 The RF initiator resonances are clearly distinguished as PVDF-CF2-CH2-CF2-CF2-
CF2-CF2-CF2-CF2-CH2-CF2-PVDF, PVDF-CF2-CH2-CF2-CF2-CF2-CF2-CF2-CF2-CH2-
CF2-PVDF and PVDF-CF2-CH2-CF2-CF2-CF2-CF2-CF2-CF2-CH2-CF2-PVDF peaks b1, 
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 b2 and b3 at ? = -111.7 ppm, ? = -121.2 ppm and ? = -123.1 ppm for I-PVDF-I and      
respectively as CF3-CF2-CF2-CF2-CH2-CF2-PVDF, CF3-CF2-CF2-CF2-CH2-CF2-PVDF, 
CF3-CF2-CF2-CF2-CH2-CF2-PVDF and CF3-CF2-CF2-CF2-CH2-CF2-PVDF peaks b4, b5, 
b6 and b7 at ? = -80.9 ppm ? = -125.5 ppm, ? = -123.9 ppm and ? = -111.9 ppm for 
PVDF-I and PVDF-H. 
 The more reactive 1,2-type iodide chain ends are seen as -CH2-CF2-CH2-CF2-
CH2-CF2-I and -CH2-CF2-CH2-CF2-CH2-CF2-I, peaks c and c1 at ? = -38.5 ppm and    
respectively ? = -92.5 ppm, as well as a weaker, penultimate -CH2-CF2-CF2-CH2-CH2-
CF2-I HH unit, c2 at ? = -39.3 ppm.  The less reactive 2,1-type iodide chain ends are    
observed as -CH2-CF2-CF2-CH2-I and -CH2-CF2-CF2-CH2-I peaks c’ and c’1 at ? =          
-108.3 ppm and respectively ? = -112.0 ppm. 
 Finally, the complete activation of both iodine chain ends by manganese and their 
replacement with H, enables the clear confirmation of all “c” peaks associated with      
iodine, via their disappearance, as well as that of the -CH2-CF2-CH2-CF2-H, -CH2-CF2-
CF2-CH2-CH2-CF2-H, -CH2-CF2-CF2-CH3 and -CH2-CF2-CF2-CH3 H chain ends, peaks 
d, d2, d’ and d’1 at ? = -114.7 ppm, ? = -116.8 ppm, ? = -108.2 ppm and respectively ? =   
-114.1 ppm via their comparative increase in intensity in PVDF-H. 
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Figure 3.4. Comparison of the 1H and 19F-NMR spectra of I-PVDF-I initiated from I-(CF2)6-I. VDF/I-(CF2)6-I/Mn2(CO)10 = 
50/1/0.1. 
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Table 3.4. PVDF structural assignments of 1H and 19F NMR resonances. The chemical shift values correspond to structures in red italics.  
Signal Structure 1H-NMR 19F-NMR 
a -CF2-[CH2-CF2]n-CH2- HT m, ? = 2.9 ppm m, ? = -91.3 ppm 
a’ 
a’1 
a’2 
a’3 
a’4 
-CH2-CF2-CH2-CF2-CF2-CH2-CH2-CF2-CH2-CF2-  HH 
-CH2-CF2-CH2-CF2-CF2-CH2-CH2-CF2-CH2-CF2-  HH 
-CH2-CF2-CH2-CF2-CF2-CH2-CH2-CF2-CH2-CF2-  HH 
-CH2-CF2-CF2-CH2-CH2-CF2-I   
-CH2-CF2-CF2-CH2-CH2-CF2-H       
m, ? = 2.35 ppm 
< 0.5 % 
m, ? = -113.5 ppm  
m, ? = -115.9 ppm 
m, ? =  - 95.1 ppm < 0.4 % 
m, ? =  -115.2 ppm 
m, ? =  -115.8 ppm  
b 
b 
PVDF-CF2-CH2-CF2-CF2-CF2-CF2-CF2-CF2-CH2-CF2-PVDF 
CF3-CF2-CF2-CF2-CH2-CF2-PVDF 
q, ? = 3.22 ppm 
q, ? = 3.24 ppm 
m??? = -91.8 ppm 
m??? = -91.8 ppm 
b1 PVDF-CF2-CH2-CF2-CF2-CF2-CF2-CF2-CF2-CH2-CF2-PVDF N/A m, ? = -111.7 ppm  
b2 PVDF-CF2-CH2-CF2-CF2-CF2-CF2-CF2-CF2-CH2-CF2-PVDF N/A m, ? = -121.2 ppm 
b3 PVDF-CF2-CH2-CF2-CF2-CF2-CF2-CF2-CF2-CH2-CF2-PVDF N/A m, ? = -123.1 ppm 
b4 CF3-CF2-CF2-CF2-CH2-CF2-PVDF N/A m, ? = -80.9 ppm 
b5 CF3-CF2-CF2-CF2-CH2-CF2-PVDF N/A m, ? = -125.5 ppm 
b6 CF3-CF2-CF2-CF2-CH2-CF2-PVDF N/A m, ? = -123.9 ppm 
b7 CF3-CF2-CF2-CF2-CH2-CF2-PVDF N/A m, ? = -111.9 ppm 
c 
c1 
c2 
-CH2-CF2-CH2-CF2-CH2-CF2-I 
-CH2-CF2-CH2-CF2-CH2-CF2-I 
-CH2-CF2-CF2-CH2-CH2-CF2-I       
q, ? = 3.62 ppm 
fHCF2-I = 70 % 
t, ? = -38.5 ppm 
q, ? = -92.5 ppm, fFCF2-I = 68 % 
m, ? = -39.3 ppm,   
c’ 
c’1  
-CH2-CF2-CF2-CH2-I 
-CH2-CF2-CF2-CH2-I 
t, ? = 3.87 ppm 
fHCH2-I = 25 % 
m, ? = -108.3 ppm fFCH2-I = 24 % 
m, ? = -112.0 ppm,  
d 
 
-CH2-CF2-CH2-CF2-H 
 
tt, ? = 6.3 ppm 
fHCF2-H = 4% 
dt, ? = -114.7 ppm 
fFCF2-H = 6% 
d2 -CH2-CF2-CF2-CH2-CH2-CF2-H        dt, ? = -116.8 ppm 
d’ 
d’1 
 
-CH2-CF2-CF2-CH3 
-CH2-CF2-CF2-CH3 
 
t, ? = 1.80 ppm 
fHCF2-CH3 =  1% 
dd, ? = -108.2 ppm, fFCF2-CH3 = 2% 
? = -114.1 ppm 
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 3.3.5. Controlled Radical Polymerization of VDF by IDT.  As pointed out    
earlier, IDT-CRP is enabled once all the RF-I initiator is consumed via CT and no new 
PVDF-I chains are generated.  This is demonstrated (Figure 3.5, VDF; Figure 3.6,     
VDF-co-HFP), by the linear dependence of Mn on conversion and moderate PDI values, 
which indicate that Mn2(CO)10 supports a photo-CRP over a wide range of molecular 
weights (Mn = 1,000-25,000).  However, such CRP towards higher Mn values is            
kinetically impractical under these conditions.  
 While IDT catalysis would lead to PDI decrease,3,11 control experiments (Figure 
3.7), reveal that, consistent with PVAc-IDT,21 the photochemically inactive27a Mn(CO)5-I 
is incapable of reversibly transferring Iodine.  Conversely, although RF-Mn(CO)5 (RF = 
CH2F, CF2H)27b are known, organometallic CRP mediation by PVDF-Mn(CO)5 can be 
discounted on the basis of the observed -I not -H or -Mn(CO)5 chain ends, of the             
successful CRP with catalytic not stoichiometric Mn2(CO)10 vs. RF-I, and considering the 
BDE order (RF-Mn(CO)5 < (CO)5Mn-Mn(CO)5 < RF-I < I-Mn(CO)5, i.e. 34,27b 38,26b 
48,28 5426 kcal/mol), consistent with the instability of Mn alkyls under irradiation.26b  
In IDT, HH defects are dramatically suppressed, being intercepted as Pm-CF2-
CH2-I.  I-RF-I initiators are particularly suitable for FM-CRPs, as bidirectional growth 
from difunctional propagating species,10 in conjunction with initiator or chain end halide      
activation by the continuously photogenerated Mn(CO)5?,18b compensate for termination 
by radical coupling,10 and maintain a steady state radical concentration.  
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Figure 3.5. (a) Dependence of Mn and Mw/Mn on conversion and (b) Kinetics in the Mn2(CO)10 Photomediated VDF-CRP: T = 40°C, 
visible light. [VDF]/I-CF2)6-I]/[Mn2(CO)10] = 25/1/0.1(?), 50/1/0.1(?), 100/1/0.1(?), 200/1/0.4(?), 500/1/0.4(?), 1,000/1/0.2(?), 
5,000/1/0.4(?). Inset: GPC of (?). 
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Figure 3.6. Mn2(CO)10 photomediated synthesis of poly(VDF-co-HFP). (a) Dependence of Mn and 
Mw/Mn on conversion; (b) First order kinetics. [VDF]/[HFP]/[CF3-CF2-CF2-CF2-I]/[Mn2(CO)10] = 
80/20/1/0.2, T = 40 ?C. 
 
3.3.6. Evaluation of Mn(CO)5-I as a CT agent.  Figure 3.7 addresses the issue 
of whether or not Mn2(CO)5-I can donate I back to the propagating chain.  In fact, this is 
not possible under the reaction conditions, since the BDE of Mn2(CO)5-I (54 kcal/mol)62 
is larger than that of typical RF-I (e.g. for CF3CF2CF2CF2-I, BDE = 48.4 kcal/mol).63  In 
addition, R-I compounds are most likely already in a photoexcited state, activated        
towards homolysis,64 prior to their interaction Mn2(CO)5?.   
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Figure 3.7. Effect of excess Mn(CO)5-I: Comparison of the 500 MHz 1H-NMR d6-acetone     
spectra of (a) PVDF-I obtained from VDF/PFBI/Mn2(CO)10 = 50/1/0.1 with (b) PVDF obtained 
from VDF/CHCl3/Mn2(CO)10/Mn(CO)5-I = 50/1/0.2/1, ? = H2O, * = acetone.  
  
By contrast, the Mn-I bond of Mn(CO)5-I does not photolyze homolytically under 
visible irradiation.65 Thus, in Figure 3.8 the characteristic IR frequencies of Mn2(CO)5-I 
(2130, 2046, 2012 cm-1)34,66 are clearly observed in both the Mn2(CO)5-I pure sample and 
in the reaction mixture.  Conversely, Figure 3.7 compares a typical PVDF-I sample with 
PVDF synthesized from CHCl3, (an initiator which is a very poor chain transfer agent and 
cannot generate any PVDF-Cl chain ends) in the presence of a large excess of Mn2(CO)5-
I.  Thus, if any iodine abstraction by the propagating chain from Mn2(CO)5-I would be 
possible, the corresponding PVDF-I chain ends PVDF-CH2-CF2-I and PVDF-CF2-CH2-I 
(c and c’ ? = 3.62 ppm ? = 3.87 ppm) would be visible. This is clearly not the case.   
CH2CF2CH2CF2CH2 CF2CH2ICH2CF2CH2
ba c'a'
Initator
R
n
CF2
a'
CH2CF2H
d
CH2CF2CH3
d'
CF2I
cb'
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Together, these control experiments indicate that similarly to the IDT of vinyl   
acetate,67 the reversible iodine transfer is not mediated by Mn2(CO)5-I. 
 
 
Figure 3.8. Comparison of IR spectra of DMC, PVDF-I, Mn2(CO)10, Mn(CO)5-I and of a 
typical polymerization mixture (VDF/PFBI/ Mn2(CO)10 = 25/1/0.2, after evaporation of 
VDF, ~ 80 % conversion).  
 
 
 
             
 
 3.3.7. Functionality and Mn calculations.  Comparative integrations of the a, a’ 
b, c, c’, d and d’ resonances allow the calculation of the halide and hydride chain end 
functionality, as well as that of MnNMR, as outlined below and reported in Table 3.3a-b : 
DMC
PVDF-I
Mn2(CO)10
Reaction Mixture
Mn(CO)5I CO planar stretching
2130 and 2047 cm-1
Mn-C-O planar bending
2014 cm-1
CO planar stretching 2130, 2046 cm-1
Mn-C-O planar bending 2012 cm-1
CO stretching
2046, 2003, 1983 cm-1
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Where 1.008 and 64.04, represent the molar masses of H and VDF while Y is the atomic 
wt of the halide chain end (e.g. Y = 126.9 for iodine chain ends); N = 1, 2 (initiator  
functionality); and RF is the mol. wt of the initiator fragment (without the halides).  All 
integrals are normalized to 2 protons. 
 
 
            The dependence of halide chain end functionality on conversion is presented in 
Figure 3.9 and 3.10.  Initiator comparative experiments revealed the superiority of       
difunctional,   I-(CF2)6-I, over the monofunctional CF3-(CF2)2-CF2-I, under the similar 
conditions. While total halide functionality with I-(CF2)6-I was maintained at ~95% over 
wide range of conversion, a sharp decrease, however, was observed in the reaction with                
CF3-(CF2)2-CF2-I.  Subsequently, I-(CF2)6-I provided higher percentage of the reactive 
~CH2-CF2-I chain end necessary towards synthesis of block polymers.  
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Figure 3.9. Dependence of chain end functionality, ~CH2-CF2-I, ~CF2-CH2-I and total halide (~CH2-CF2-I + ~CF2-CH2-I) on     con-
version: RF-I vs. I-RF-I. [VDF]/[CF3-(CF2)2-CF2-I]/[Mn2(CO)10] = 50/1/0.1 (?), 50/1/0.2 (?); [VDF]/[I-(CF2)6-I]/[Mn2(CO)10] = 
50/1/0.1 (?), 50/1/0.2 (?).
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Figure 3.10. Dependence of halide chain end functionality on conversion in the 
Mn2(CO)10 mediated CRP of VDF, rt, visible light. [VDF]/[I(CF2)6I]/[Mn2(CO)10] = 
50/1/0.1 (?), 50/1/0.2 (?), 50/1/0.4 (?).  Filled symbols = total functionality, top filled 
= ~CH2-CF2-I, bottom filled   = ~CF2-CH2-I. 
  
3.3.8. Synthesis of Well Defined PVDF Block Copolymers.  While the         
concentration of active -CH2-CF2-I termini decreases and unreactive -CF2-CH2-I species 
accumulate with conversion (Figure 3.9 and 3.10) and contribute to PDI broadening,8,9,21 
the total (-CH2-CF2-I + -CF2-CH2-I) iodine functionality remains  at least 95% even at 
larger  
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levels of Mn2(CO)10, which is quite adequate for block copolymer synthesis, on condition 
that both halide chain ends can be activated.  
 Yet, while high temperature ethyleneation,29 azidation,29c and block copolymer 
synthesis via ATRP29d or IDT9 were previously attempted from PVDF-I, all such         
endeavors were fundamentally incomplete, due to the failure of the respective chemistries 
to activate the stronger and dominant -CF2-CH2-I termini.  Thus, the products were      
always inseparable, ill-defined mixtures.   
 By contrast, Mn(CO)5? affords the clean and quantitative activation of both           
-CH2-CF2-I and -CF2-CH2-I chain ends, and enables the synthesis of well-defined block        
copolymers. Selected examples of the associated 1H-NMR characterization are presented 
in Figure 3.12 and Table 3.5.  In addition to acetone and water (? = 2.05 ppm and 2.84 
ppm),30 the head-to-tail (HT) -CF2-[CH2-CF2]n-CH2-, (a), and head to head (HH), -CF2-
CH2-CH2-CF2- (a’) PVDF linkages29,31 are observed at ? = 2.8-3.1 ppm and ? = 2.3-2.4 
ppm.  Resonance b (? = 3.25 ppm) confirms the RF-CH2-CF2- connectivity with the first 
polymer unit, and the 1,2-CH2-CF2-I (c) and 2,1-CF2-CH2-I (c’), iodine chain ends are 
seen7 at ? = 3.62 ppm and ? = 3.87 ppm (Figure 3.11a).   
 While VDF-FRP terminates primarily by recombination of 1,2-units (eq. 10, 
scheme 3.1),1,4-9 in VDF-IDT, trace termination by H transfer to the propagating chains 
(eq. 11, 12, scheme 3.1), (i.e. -CH2-CF2-H and -CF2-CH3, peaks d, d’) is seen at ? = 6.30 
ppm and 1.80 ppm.31c Upon treatment of PVDF-I with stoichiometric Mn(CO)5?,       
complete activation of both halide chain ends occurs. Thus, in the absence of a monomer 
as addition substrate, the resulting radicals are deactivated by H abstraction from solvent, 
75 
 
to generate the same d and d’ peaks, and a more resolved -CH2-CF2-CH2-CF2-H d”, ? = 
2.77 ppm31e (Fig. 3.8b, Fig. 3.9a,b 19F-NMR).   
As such, carrying out the reaction in the presence of a radically polymerizable alkene, 
leads to the first examples of well-defined, AB or ABA-type PVDF block copolymers 
with styrene (e, e’), butadiene (f, f’, f”,f’”), vinyl chloride (g, g’), vinyl acetate (h, h’), 
methyl acrylate (i, i’, i”), and acrylonitrile (j, j’), initiated from both PVDF halide chain 
ends (Table 3.5 and Figure 3.12 c-h). While here Mn2(CO)10 operates simply as a              
photoactivator and there is no IDT, control of the block copolymerization can be           
envisioned by other CRP methods.      
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Figure 3.11a. Comparison of the 19F-NMR spectra of PVDF-I initiated from CF3-(CF2)3-I with the corresponding PVDF-H  sample  
obtained after complete iodide abstraction by Mn2(CO)10. 
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   Figure 3.11b.  Expansion of the -107 ppm to -117 ppm region from Figure 3.11a. 
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Figure 3.12. 500 MHz 1H-NMR spectra of PVDF-I, PVDF-H and various PVDF block copolymers. All in d6-acetone except PAN in 
d6-DMSO. ? = H2O, * = acetone, ? = DMAC, ? = DMSO.  
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Table 3.5. Characterization of Mn2(CO)10 Photomediated Synthesis of PVDF Block    
Copolymers and PVDF chain extensions.  
Exp. Monomer M 
PVDFI or 
I-PVDF-I 
Mn         PDI 
[M]/[PVDFI]/ 
[Mn2(CO)10] 
Conv 
(%) 
Compo 
sition 
M/VDF 
Mn PDI 
1 Styrenea,b) 2,500 1.34 60/1/2 67 70/30 14,500 2.25 
2 Styrenea,b) 11,500 1.48 4,000/1/5 12 92/8 44,700 1.92 
3 Butadieneb) 1,400 1.48 200/1/1 25 62/38 4,700 2.00 
4 Vinyl Chloridec) 1,800 1.29 100/1/1 35 77/23 20,100 1.52 
5 Vinyl Acetate 1,500 1.49 100/1/0.2 30 65/35 11,000 1.70 
6 Methyl Acrylate 2,300 1.52 75/1/4 40 72/28 9,000 2.46 
7 Acrylonitrilea) 2,100 1.31 50/1/1 25 74/26 25,800 2.33 
8 VDF a,d) 8,000 1.45 750/1/0.1 20 0/100 19,500 1.63 
9 VDF a,d) 17,000 1.34 2,500/1/0.3 7 0/100 31,300 1.69 
Block copolymers from PVDF-I at T = 40 ?C and solvent = DMAC except where noted: a)Block 
copolymers from I-PVDF-I samples. b) T = 110 ?C, c)In dioxane, d)In DMC.  
The NMR assignments corresponding to the copolymers from Figure 3.12 are as follows: 
 
Polystyrene: 
e,  ? = 6.4-7.4 ppm, -CH2-CH(C6H5)-, 
e’  ? = 1.94 ppm , -CH2-CH(C6H5)-,  
e” ? = 1.63 ppm , -CH2-CH(C6H5)-, 
 
Polybutadiene:  
f,   ? = 5.44 ppm -CH2-CH=CH-CH2- 1,4-cis and -trans;  
f’   ? = 5.6 ppm, 1,2 -CH2-CH(CH=CH2)- and ? = 4.99 ppm, -CH2-CH(CH=CH2)-; 
f”  ? = 2.1 ppm -CH2-CH=CH-CH2- and -CH2-CH(CH=CH2)- 
f’” ? = 1.3-1.5 ppm, -CH2-CH(CH=CH2)- 
 
Polyvinyl chloride: 
g  ? = 4.35-4.71 ppm, -CH2-CHCl- 
g’ ? = 2.11-2.52 ppm, -CH2-CHCl-  
 
Poly(vinyl acetate): 
h  ? = 4.92 ppm, -CH2-CH(OCOCH3)- 
h’ ? = 1.98 ppm, -CH2-CH(OCOCH3)- 
h” ? = 1.83 ppm, -CH2-CH(OCOCH3)-, 
 
Poly(methyl acrylate): 
i  ? = 3.67 ppm, -CH2-CH(COOCH3)-, 
i’ ? = 2.42 ppm, -CH2-CH(COOCH3)-, 
i” ? = 1.51-1.97 ppm, -CH2-CH(COOCH3)-, 
 
Polyacrylonitrile: 
j  ? = 4.35-4.71 ppm, -CH2-CH(CN)-, j’ ? = 2.2-2.28 ppm, -CH2-CH(CN)-  
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3.4. Conclusion 
 To summarize, we have demonstrated for the first time, using VDF as a model for 
main chain fluorinated gaseous monomers, that the initiation of the polymerization can 
easily be accomplished at mild temperatures, directly from a variety of alkyl, semi and 
perfluoroalkyl halides (Cl, Br, I), using a visible light, Mn2(CO)10 photomediated         
protocol, carried out in low pressure glass tubes, and which is especially successful in 
DMC.  Moreover, in the presence of perfluorinated alkyl iodides, such reactions follow 
an IDT mechanism, leading to a controlled radical polymerization process.  Finally, the 
Mn2(CO)10-induced complete activation of both -CH2-CF2-I and -CF2-CH2-I halide chain 
ends affords the first examples of well-defined block copolymers initiated from PVDF-I.  
The direct halide VDF initiation, VDF-CRP and the complete halide chain ends           
activations, open up novel synthetic avenues for the photomediated synthesis of           
architecturally complex fluoromaterials.  Thus, main chain fluorinated polymers can be 
grafted or block copolymerized directly from any substrates containing suitable halide 
initiators, and conversely, the polymerization of other monomers can be initiated quanti-
tatively from their chain ends.  Using multifunctional initiators, the synthesis of star and 
hyperbranched systems can be envisioned as well.  Lastly, the RF-I/Mn2(CO)10 protocol 
may also be applicable in radical trifluoromethylation reactions which are in great      
demand in organic chemistry.32 
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Chapter 4: Bu6Sn2-Photocatalyzed Controlled Radical Polymerization 
of Vinylidene Fluoride 
 
 
4.1.  Introduction 
Following the synthesis of polychlorotrifluoroethylene (PCTFE) and the 
serendipitous discovery of polytetrafluoroethylene (PTFE) in the 1930s,1a-b fluorinated 
(co)polymers have remained vital part of high-performance plastics.  They are especially 
bestowed with morphological versatility, high dielectric constant, refractive index, with 
good thermal/ ageing/chemical/weather resistance, low surface energy, flammability, and 
moisture absorption. As such, they have found applications in paints, coatings, pipe 
liners, transmission fluids, O-rings, fuel cell membranes, antifouling layers, optical fibers, 
photovoltaic and high power capacitors.1 
The contribution of Michael Szwarc to polymer chemistry following his discovery 
of living anionic polymerization of styrene and associated vinyl monomers2–6  provided 
innovative methodology for the synthesis of a wide range of polymers.5 His method has 
proved effective in production star polymers, telechelic polymers, block and graft 
copolymers.5  This however, led to revitalization of the field of radical polymerization,7,8 
and in 1990s several new methods (ATRP, NMP RAFT, etc. via reversible-deactivation 
mechanisms), that allow for control of polymer molecular weights and chain end 
functionality, were developed.7-13 Several attempts in the controlled radical 
(co)polymerization of main chain fluorinated monomers using these well-established 
controlled radical methods have not been very successful so far.   
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Consequently, as (co)polymers of main chain fluorinated monomers e.g. 
vinylidene fluoride (VDF), tetrafluoroethylene, hexafluoropropene, 
trifluorochloroethylene, etc.) are of industrial significant, the study of their controlled 
radical polymerization and the subsequent synthesis of complex polymer architectures 
derived from them is a worthy endeavor.14,15  Such telo/polymerizations are usually 
carried out at T > 80-100 ?C,1d requiring high-pressure metal reactors as laboratory scale 
polymerizations of such are very challenging due to the fact that VDF boils at -83 ?C.   
Contrary to styrene/acrylate CRPs conveniently sampled from Schlenk tubes on a 
1 g scale, the kinetic studies of VDF polymerizations involve time-consuming, many   
one-data-point experiments in costly metal reactors typically requiring tens of grams of 
monomer.  Thus, development of methods that would allow for small scale (1 g) 
polymerizations at room temperature using inexpensive high-pressure glass tubes while 
advantage of photochemistry would be highly desirable.  
In most IDT-VDF-CRPs (except for our recently demonstrated Mn2(CO)10-
photomediated controlled radical polymerization of VDF),16 an external radical source 
(e.g. tbutyl peroxide) is always required in the presence of polyhalides,17,18 especially 
perfluorinated mono/diiodo chain transfer (CT) agents19-21 (e.g. CF3-I,22,23                   
CF3-(CF2)3-I,24 CF3-(CF2)5-I,23,25,26,27 (CF3)2CF-I,24,28 I-(CF2)4-6-I,28,29,          
HCF2CF2CH2-I,26,27  C6F13CH2CF2-I,26,30 and even RF-CH2-CH2-I31).  Since direct 
initiation16 from perfluoro or alkyl halides is not readily available, the use of these free 
radical sources (e.g. peroxides) in synthesis of FMs block/graft copolymers would 
otherwise inevitably form a mixture of homo- and copolymers.   
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However, VDF-IDT proceeds via uncatalyzed iodine1d,16,19,32 degenerative 
transfer1d,33 (IDT: Pn? + Pm-I  Pn-I + Pm?) with the unavoidable accumulation of less 
reactive -CF2-CH2-I chain ends to the detriment of -CH2-CF2-I.16  The need therefore 
arises for a catalyst that will serve a dual role in the initiation towards VDF-CRP, and 
also generate insitu an active catalyst for IDT, that is capable of reversibly activating both 
the -CF2-CH2-I and -CH2-CF2-I chain ends. As stated earlier, the use of photolyzable 
Mn2(CO)1016 in conjunction with perfluoro iodides results in an uncatalyzed IDT 
polymerization, with inevitable generation of Mn(CO)5-I, which does not transfer 
iodine.16  To this end, we decided to investigate Bu6Sn2, which upon photolysis and 
iodine abstraction generates Bu3SnI - a possible IDT catalyst. 
Bu3Sn? is a much better halide abstractor than Mn(CO)5? (kBu3Sn/kMn(CO)5 > 104 vs. 
PhCH2Br).34,60  While never used in FRP/CRP, Bu3Sn?35,60, easily abstracts Cl, Br, I (kabstr 
~ 102-6; 106-9; 109 M-1s-1) and pseudohalides (PhS- and PhGe-: 105 and 108 M-1s-1) from 
the corresponding alkyls,36 with iodine abstraction within the diffusion-controlled limit.  
A variety of halides ((fluoro)alkyl iodides,37,38 CF3-I39-41) are activated,42 and the rates of 
abstraction from many potential VDF initiators are available.38  
Thus, while R3Sn-SnR3 thermolysis (R = Bu, Ph) occurs only above 200 ?C, and 
ultrasonication43 induced homolysis is possible, photolysis (?max = 236 nm) proceeds 
readily under UV, while with triplet sensitizers (acetone, phenyl ether),60,44  Bu3Sn? is 
obtained even with a daylight lamp.45  Conversely, Fe(III)46 or peroxide47 oxidation of 
Bu6Sn2 generates tin radicals at rt, (allowing for dark rt polymerizations), while bulky Sn 
substituents depress the thermolysis to rt.48 Bu6Sn2 can also be derived in situ via 
reductive coupling of Bu3SnH with TBAF49 or transition metals.  
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Interestingly, under UV, Me6Sn2 adds reversibly to double bonds41 while Bu6Sn2 
adds to dithioesters,50 or aryl ketones,51 or to olefins.52  Sn and Pb systems add to TCNQ 
and quinones,53-55 and reversibly to allenes,56 dienes,57 hexafluoropropene and 
tetrafluoroethylene.58  Conversely, Ph3C-CPh359 very poorly mediates styrene CRP, while 
Pb alkyls are known anti-knock gasoline additives.   
Therefore, we decided to investigate VDF photopolymerizations mediated by 
Bu3Sn-SnBu3.  As BDE decreases (Si-Si = 285 kJ/mol, Pb-Pb = 139 kJ/mol),60 the halide 
abstraction and H donation (kBu3SnH = 106, kBu3GeH = 105, kEt3SiH= 102 dm3/mol.s) ability 
increase.  However, these trends are modulated by the substituents (e.g. kBu3Sn = 1.5x109, 
kBu3Ge = 8x108, kEt3Si = 2.4 x 109 and k(Me3Si)3Si = 9.6 x 108 dm3/mol.s for Br abstraction 
from Ph-CH2-Br).60   
 
4.2. Experimental 
 4.2.1. Materials. Hexa-n-butylditin (Bu6Sn2, > 95%) (from Gelest); manganese 
carbonyl (Mn2(CO)10, (Strem chemicals, 98%),   vinylidene fluoride (VDF,99.9%),         
1-iodononafluorobutane (perfluorobutyl iodide, PFBI, 98%), 1,8-dichloroperfluorooctane 
(99%), 1,6-diiodododecafluorohexane (I-(CF2)6-I, 98%), 1,6-dibromododecafluorohexane 
(96%), (all from Synquest); iodine, I2 (crystals, resublimed reagent, A.C.S), from EM 
Science (MCB Reagents); N,N’-dimethylacetamide, (DMAc, 99%), vinyl acetate (VAc, 
99+%), styrene (99%), (all from Acros Organics); a commercial GE Helical 26 W 
fluorescent white light Hg spiral bulb, Spectroline MODEL SB - 100P high-intensity UV 
lamp (365nm), 150 watts Oriel Xenon arc lamp  MODEL 66060 (with PTI lamp power 
supply model LPS200); iodomethane (CH3I, ReagentPlus, 99.5%), 
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bromotrichloromethane (CCl3Br, 99%), 1-Iodohexane (98+%), acetonitrile (ACN, 99%), 
dimethyl carbonate (DMC, ≥ 99% anhydrous), methanol (99%), methyl methacrylate 
(MMA, ≥ 98.5%), (all from Aldrich); carbon tetrachloride (CCl4,), acetic anhydride 
(certified A.C.S.), N,N’-Dimethylformamide (DMF, 99.9%), diethylether (anhydrous, 
99%), (all from Fisher Scientific); acetone-d6 (Cambridge Isotope Laboratories, Inc., D, 
99.9%);  tetrahydrofuran (THF, 99%, acetone, 99.9 % both J. T. Baker) were used as 
received. 
            4.2.2. Techniques. 1H NMR (500 MHz) and 19F-NMR (400 MHz) spectra were 
recorded on a Bruker DRX-500 and respectively on a Bruker DRX-400 at 24 0C in     
acetone-d6.  GPC analyses were performed on a Waters gel permeation chromatograph 
equipped with a Waters 2414 differential refractometer and a Jordi 2 mixed bed columns 
setup at 800C. DMAc (Fisher, 99.9% HPLC grade) was used as eluent at a flow rate of    
1 mL/min. Number-average (Mn) and weight-average molecular weights (Mw) were    
determined from calibration plots constructed with polymethylmethacrylate standards.  
All reported polydispersities are those of water precipitated samples.  Although MeOH 
precipitation affords narrower PDIs, it could invariably lead to partial                
fractionation, especially for lower molecular weight samples.  
4.2.3. PVDF Homopolymerization. In a typical reaction, a 35-mL Ace Glass 
8648 # 15 Ace-Thread pressure tube equipped with a bushing, a plunger valve with two 
O-rings and containing a magnetic stir bar, Bu6Sn2, (26 μL, 0.05 mmol) and solvent (e.g. 
DMC, 3 mL) was degassed with He and placed in a liquid nitrogen bath.  It is noteworthy 
here that He is used for degassing as N2 or Argon would actually condense in the tube in 
a liquid nitrogen bath.  The tube was subsequently opened, and the initiator                 
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(e.g. I-(CF2)6-I, 0.12 mL, 0.5 mmol) was added, followed by the condensation of VDF 
(1.7 g, 25.8 mmol), directly into the tube, which was then re-degassed with He.  The 
amount of condensed VDF was determined by weighing the closed tube before and after 
the addition of the monomer.   The tube was then placed in behind a plastic shield, in a 
thermostated oil bath illuminated with a commercial GE Helical 26 W fluorescent white 
light Hg spiral bulb, from about 2-4 cm. For polymerization kinetics, identical reactions 
were set up simultaneously and stopped at different polymerization times. At the end of 
the reaction, the tube was carefully placed in liquid nitrogen, slowly opened behind the 
shield, and allowed to thaw to room temperature in the hood, with the concomitant 
release of unreacted VDF.  The contents were poured in water, filtered and dried.  The 
polymer was than dissolved in DMAc, and the residual Mn inorganics (which may 
interfere with the NMR signals) were removed by column chromatography. The polymer 
was finally reprecipitated in water, filtered and dried.  While precipitation in MeOH is 
feasible, it will also lead to fractionation and narrowing of the polydispersity by about 
0.2, especially on lower molecular weight samples. Thus, all reported GPC results are 
from water precipitation. The monomer conversion was determined as the   ratio of the 
differences of the tube weight before and after the reaction and respectively before and 
after VDF (i.e. c = (Wtafter VDF condensation - Wtafter VDF release)/(Wtafter VDF condensation –Wtbefore 
VDF addition), as well as the ratio of the dry polymer to the condensed VDF. Both procedures 
gave conversions within < 5% of each other.  In this particular example the reaction time 
was 7 h, Mn = 2,300, Mw/Mn =1.36 ( Table 4.1, exp 20). 
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 4.2.4. Synthesis of PVDF Block Copolymers.  An example of the block      
synthesis is described as follows:  A Schlenk tube containing a DMAC solution of 
PVDF-I or I-PVDF-I (in this case, I-PVDF-I, Mn = 1,900, PDI = 1.38, with a total halide 
chain end functionality of F = 95% (F1,Pn-CH2-CF2-I = 0.50 and F2,Pm-CF2-CH2-I = 0.45,  205 
mg, 0.11 mmol in 2 mL of DMAc), a second monomer (e.g. vinyl acetate, 1 mL, 11 
mmol) and Bu6Sn2 (54 μL, 0.11 mmol) was degassed under Ar then heated to 40 oC 
under visible light irradiation for 14 h.   The solution was precipitated in MeOH, filtered 
and dried. Mn = 10,500, PDI = 1.36 conv. = 40%, and composition, VDF/VAc = 60/40. 
(see Table 4.4, exp. 3). 
 
 
4.3. Results and Discussion 
 4.3.1. Mechanism of Bu6Sn2-photocatalyzed VDF-CRP.  As presented in 
Scheme 4.1, eq. 1, initiation involves Bu6Sn2 photolysis to generate the Bu3Sn? radical 
and halide abstraction from RF-X or R-X (X = Cl, Br, I), to generate the RF?/R? initiator 
and Bu3Sn-X (eq. 2, 3).  Propagation (eq. 4, 5) and free radical polymerization (FRP) can 
ensue in all cases, except for RF-I CT agents which mediate IDT-CRP. 
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Scheme 4.1a. Bu6Sn2-photomediated CRP of VDF. 
 
                              
Scheme 4.1b. Proposed Catalyzed IDT (Q-I = Bu3Sn-I, Q = Bu3Sn?) 
 
 For initiators with high CT constant (e.g. CCl4, CCl3Br, RF-I), halide abstraction 
by the 1,2 and 2,1- propagating radicals leads to chain deactivation and generation of new 
radicals (eq. 6 and 7). 
Conventional IDT1d,19,28,32,33 is based on reversible iodine transfer between 
propagating (Pn?) and dormant chains (Pm-I).  This exchange occurs first with initiator-
derived iodine CT agents, where the weak C-I bond makes RF-I the obvious choice (eq. 
7).  Once all RF-I is consumed, no new PVDF chains are generated, and thermoneutral 
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iodine exchange (Kequil = 1) between equal reactivity 1,2-PVDF-CH2-CF2?/1,2-PVDF-
CH2-CF2-I chains, (Pm?/Pn-I, eq. 8) is in operation.  While typical VDF-FRP proceeds 
with regioselectivity propagation errors of  5-10 % internal 2,1-head-to-head (HH)61-64 
units, in IDT they become the terminal PVDF-CF2-CH2-I, a poorer iodine CT agent than 
the 1,2-PVDF-CH2-CF2-I.1d  Consequently, similarly to vinyl acetate65-IDT, such chain 
ends will not undergo IDT, but accumulate over time to broaden the polydispersity (PDI) 
and will require stronger activators than the 1,2-unit.   
4.3.2. Control Experiments and Initiator effect.  Control experiments (Table 
4.1, entry 1-6) revealed that VDF alone does not polymerize under illumination, Bu3Sn? 
does not add to VDF in the dark or under visible light irradiation, and RF-I with Bu6Sn2 in 
the dark did not provide polymer.  In addition to several initiators already described for 
Mn2(CO)10,16 Bu3Sn? was especially able activate the strong C-Cl and C-Br bonds in 
CH3-(CH2)5-Cl and respectively CH3-(CH2)5-Br (Table 4.1, Figure 4.2), a feat that 
MnCO5? was unable to achieve.  This demonstrates the superior abstracting ability of 
Bu3Sn? compared to Mn(CO)5?.  However, in comparison with the chloro- and bromo- 
initiators, and under similar conditions (i.e. DP 50, visible light), RF-I CT agents gave the 
highest reaction rates with even at lower level of Bu6Sn2  This is a consequence of the 
ease of abstraction of iodine from the relatively weak C-I bond in perfluoroalkyl iodides. 
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Table 4.1. Bu6Sn2 Photomediated VDF Polymerizations: control experiments (exp. 1-6),  
initiator effect (exp. 7-18), light effect (exp. 16-18), effect of initiator amount (exp. 19-20), and  
DP effect (exp. 20-23).  Visible light irradiation, unless otherwise noted. 
Exp. Initiator [VDF]/[I]/ [Bu6Sn2] 
Time  
(Hrs) 
Conv 
(%) 
kpapp 
(h-1) Mn PDI 
1 - 50/0/0 63 0 - - - 
2      - 50/0/1 48 0 - - - 
3 - 50/0/0.1 a) 24 0 - - - 
4 - 25/0/1a) 48 0 - - - 
5 I-(CF2)6-I 50/1/0 44 0 - - - 
6 I-(CF2)6-I 50/1/0.1 b) 47 0 - - - 
7 I2 75/1/1.2 22 0 - - - 
8 CH3-(CH2)5-Cl 50/1/0.5 46 10 0.002 4,100 1.86 
9 CH3-(CH2)5-Br 50/1/0.5 46 12 0.003 4,400 1.82 
10 CH3-(CH2)5-I 50/1/0.5 a) 100 36 0.004 1,400 1.92 
11 CH3I 50/1/0.5 22 13 0.006 3,300 2.33 
12 CCl4 50/1/0.2 22 26 0.014 3,000 2.08 
13 CCl3Br 50/1/0.2 42 18 0.005 4,800 1.91 
14 CF3-(CF2)2-CF2-I 50/1/0.1 18 53 0.041 1,800 1.50 
15 CF3-(CF2)2-CF2-I 50/1/0.1 a) 6 70 0.200 2,000 1.77 
16 CF3-(CF2)2-CF2-I 50/1/0.1 c) 8 74 0.180 1,900 1.41 
17 Cl-(CF2)8-Cl 50/1/0.4 46 22 0.005 3,700 2.10 
18 Br-(CF2)6-Br 50/1/0.2 42 26 0.007 4,000 2.65 
19 I-(CF2)6-I 50/1/0.05 5 54 0.155 1,700 1.27 
20 I-(CF2)6-I 50/1/0.1 7 76 0.204 2,300 1.36 
21 I-(CF2)6-I 200/1/0.1 16 36 0.028 7,200 1.46 
22 I-(CF2)6-I 500/1/0.1 16 26 0.019 10,800 1.53 
23 I-(CF2)6-I 1,000/1/0.1 46 38 0.010 16,700 1.65 
a) UV Lamp b) Dark conditions c) Oriel Xe Lamp (hard UV). Solvent = DMC, T = 40°C/visible 
white light. 
 
 
4.3.3. Solvent Effect in Bu6Sn2-photomediated VDF-CRP.  The investigation 
of the effect of solvent is presented in Table 4.2 and Figure 4.1.  Consistent with the 
solvent effect we reported for Mn2(CO)10,16 polymerizations in DMC were at least 5 
times faster than those in acetic anhydride, acetone, DMAc or acetonitrile.  This is an 
indication of better VDF solubility in DMC in addition to the solvent having low CT 
constant.16  
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Table 4.2. Solvent effect in Bu6Sn2 Photomediated VDF Polymerizations.a) 
Exp. Solvent 
Time  
(Hrs) 
Conv 
(%) 
kpapp 
(h-1) 
Mn PDI 
1 Acetonitrile 87 20 0.003    900 1.41 
2      DMAc 44 17 0.004 1,000 1.35 
3 Acetone 44 40 0.012 1,100 1.43 
4 Acetic anhydride 17 55 0.047 2,100 1.33 
5 Dimethyl carbonate 7 76 0.204 2,300 1.36 
a) [VDF]/[I-(CF2)6-I]/[Bu6Sn2] = 50/1/0.1 T = 40°C/visible white light. 
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Figure 4.1. Solvent effect in Bu6Sn2-photomediated VDF polymerizations.  
[VDF]/[I-(CF2)6-I]/[Bu6Sn2] = 50/1/0.1 T = 40°C/visible white light. 
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4.3.7. NMR Discussion.  Examples of the d6-acetone, 1H-NMR spectra of PVDF 
from chloro and bromo substrates are presented in Figure 4.2.  The 1H and 19F-NMR of  
I-PVDF-I is shown in Figure 4.3a-b, in addition to the 1H-NMR spectra of PVDF-I 
(Figure 4.11a) and chain end activation by Bu6Sn2 to PVDF-H (Figure 4.11b). 
 
 1H-NMR: 
4.3.7.1. PVDF Main Chain Resonances. In addition to PVDF 
resonances,66-68 acetone and water are seen at 2.05 ppm and respectively 2.84 ppm.69  The 
PVDF head-to-tail (HT), -CF2-[CH2-CF2]n-CH2-, a, and -CF2-CH2-CH2-CF2- HH62,70-71  
a’ linkages are observed at ? = 2.8-3.1 ppm  and ? = 2.3-2.4 ppm.   
4.3.7.2. Solvent-derived and H chain ends.  While PVDF terminates by 
recombination,72 H transfer to -CH2-CF2? and -CF2-CH2? leads to -CH2-CF2-H, peak d,  
(tt, ? = 6.3 ppm 3JHH = 4.6 Hz 2JHF = 54.7 Hz) and respectively , -CH2-CH3 peak d’, 
(triplet at 1.80 ppm, 3JHF = 19.2 Hz)16,73,74.  Although H-transfers may arise from either 
the solvent or from the main chain (inter or intramolecular),  RS? radicals resulting from 
transfer RS-H solvents, are not reactive enough to add to VDF and are probably 
consumed by dimerization.  However, using DMC as a solvent, (and in the absent of 
perfluoroalkyl iodides suitable for VDF-CRP), a more reactive CH3-O-CO-O-CH2-? 
radical, generated by H abstraction, is capable of reinitiation, (i.e. without breaking the 
radical chain) and associated trace signals, CH3-O-CO-O-CH2-CH2-CF2- can be seen at ? 
= 3.74 s, 3H and respectively at ? = 4.33 ppm.16 
4.3.7.3. Initiator and halide chain end.  Resonance b, RH/RF-CH2-CF2-
[CH2-CF2]n confirms initiator the connectivity with the first polymer unit, while b’ is the 
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initiator fragment seen in the 1H-NMR.  The chemical shifts of both b and b’ are specific 
to the type of initiator used and are summarized as follows. 
(a) Chloro and Bromo Initiators: 
  CCl4:  The dominant initiator connectivity b, CCl3-CH2-CF2-CH2-CF2-, is 
observed at ? = 3.75 ppm16,68,77 (t, 3JHF = 14.8 Hz) following the regioselective addition of  
polyhalide radicals onto the CH2 side of VDF, whereas the halide chain end c, -CH2-CF2-
Cl is seen at ??= 3.44 ppm (tt, 3JHF = 14.4Hz) A partial overlap of c with possible 
difunctional initiation, c” -CF2-CH2-CCl2-CH2-CF2- is seen at ? = 3.36 ppm (t, 3JHF = 16 
Hz).16    
  CCl3Br:  Consistent with CCl4, the CCl3-CH2-CF2-CH2-CF2-, b, is also 
observed at ? = 3.75 ppm (t, 3JHF = 14.8 Hz) in addition to difunctional initiation, c”        
(-CF2-CH2-CCl2-CH2-CF2, (? = 3.36 ppm, q, 3JHF = 15.6 Hz).  Interestingly though, both  
 cBr, -CH2-CF2-Br and cBr’ -CF2-CH2-Br bromine chain ends and are seen at ? = 3.56 ppm 
(tt, 3JHF = 15.2Hz) and respectively at ? = 3.94 ppm (t, 3JHF = 14.4 Hz).16  Traces of Cl-
derived CH2-CF2-Cl chain end cCl can also be seen at ? = 3.45 ppm (q, 3JHF = 14.6 Hz).   
  CH3(CH2)5-Cl:  Remarkably, aliphatic resonances (0.9 - 1.6 ppm) 
observed for initiation from CH3(CH2)5-Cl indicates that Bu6Sn2 activates even primary, 
strong C-Cl, while possible trapping of the growing chain by Bu3Sn?  as PVDF-SnBu3 
should not be discounted.  Absent of Cl-chain end is as a result of the low CT constant of 
the initiator. 
  Cl-CF2-(CF2)6-CF2-Cl:  As a further proof that Bu3Sn? does not add 
directly to VDF under visible white light condition, the initiator connectivity, 
demonstrated by -CF2-CH2-(CF2)8-CH2-CF2- following Cl abstraction by Bu3Sn?, can be 
98 
 
seen as peak b (m, ? = 3.26 ppm).  However, no -CF2-CH2-Cl or -CH2-CF2-Cl halide 
chain ends can be seen.  In addition, aliphatic resonances (? = 0.9 – 1.6 ppm) seen could 
be due to possible trapping of the growing chain by Bu3Sn? as PVDF-SnBu3. 
   CH3(CH2)5-Br:  Consistent with the chloro analog and as previously 
mentioned, aliphatic resonances are also seen from ? = 0.9 - 1.6 ppm with no bromide 
chain ends. 
(b) Perfluoro iodides Initiators: 
  CF3-(CF2)2-CF2-I (PFBI):  Here the connectivity to the first VDF unit 
seen as b, CF3-(CF2)4-CF2-CH2-CF2 at ? = 3.24 ppm, (quintet, 3JHF = 17.1 Hz).  Both iodo 
resonances, c, -CH2-CF2-I (? = 3.62 ppm, q, 3JHF = 16 Hz) and c’ -CF2-CH2-I (? = 3.88 
ppm 3JHF = 18.2 Hz), are clearly visible. 
  I-(CF2)6-I.  The structure is difunctional initiator with equal reactivity end 
groups.  The connectivity is demonstrated by -CF2-CH2-(CF2)6-CH2-CF2- b, seen at ? = at 
? = 3.22 ppm, (quintet, 3JHF = 17.1 Hz).  Exceptional iodine chain ends are observed in 
addition to the greatly diminished termination and HH addition similarly to all good 
perfluoro iodine initiators. 
  19F-NMR: A comparison of 1H- and 19F-NMR (proton decoupled) spectra 
of I-PVDF-I initiated from I-(CF2)6-I is provided in Figure 4.6a-b. The corresponding 
assignments have the same notation as the 1H-NMR spectra and are presented in Table 
4.3.  The major 19F assignments are discussed below. 
 The PVDF HT main chain, a, -CH2-CF2-[CH2-CF2]n-CH2-CF2-  is observed at ? 
= -91.3 ppm and the HH units (thought greatly minimized in VDF-IDT), are represented 
by traces of 4 series of resonances, -CH2-CF2-CH2-CF2-CF2-CH2-CH2-CF2-CH2-CF2-,         
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-CH2-CF2-CH2-CF2-CF2-CH2-CH2-CF2-CH2-CF2-, -CH2-CF2-CH2-CF2-CF2-CH2-CH2-
CF2-CH2-CF2- and CH2-CF2-CH2-CF2-CF2-CH2-CH2-CF2-CH2-CF2-, corresponding to 
peaks a’, a’1, a’2 and a’3 at ? = -113.5 ppm, ? = -115.9 ppm, ? = -95.1 ppm and 
respectively ? = -91.7 ppm (overlaps with VDF first unit).  Peak b, PVDF-CF2-CH2-CF2-
CF2-CF2-CF2-CF2-CF2-CH2-CF2-, demonstrate the connectivity of the RF initiators (i.e.   
I-(CF2)6-I) to the first VDF unit and is seen at ? = -91.8 ppm. 
 The  resonances from the use of RF initiator are clearly distinguished as PVDF-
CF2-CH2-CF2-CF2-CF2-CF2-CF2-CF2-CH2-CF2-PVDF, PVDF-CF2-CH2-CF2-CF2-CF2-
CF2-CF2-CF2-CH2-CF2-PVDF and PVDF-CF2-CH2-CF2-CF2-CF2-CF2-CF2-CF2-CH2-
CF2-PVDF peaks b1, b2 and b3 at ? = -111.7 ppm, ? = -121.2 ppm and ? = -123.1 ppm for 
I-PVDF-I.16 The peaks representing the more reactive 1,2-type iodide chain ends c,      
-CH2-CF2-CH2-CF2-CH2-CF2-I and c1, -CH2-CF2-CH2-CF2-CH2-CF2-I, are seen at ? =    
-38.5 ppm and  -92.5 ppm respectively, in addition to a weaker HH unit, c2, -CH2-CF2-
CF2-CH2-CH2-CF2-I, observed at ? = -39.3 ppm.  Also noticeable is the less reactive 2,1-
type iodide chain ends resonances c’ -CH2-CF2-CF2-CH2-I and c’1 -CH2-CF2-CF2-CH2-I 
and seen at ? = -108.3 ppm and respectively ? = -112.0 ppm. 
 Finally, H-abstraction by the 1,2-propagating unit afforded peaks d, -CH2-CF2-
CH2-CF2-H and d1, -CH2-CF2-CH2-CF2-CH2-CF2-H observed at ? = -114.7 ppm and       
-92.4 ppm respectively. 
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Figure 4.2. 500 MHz acetone d6 1H-NMR spectra of PVDF initiated from Cl and Br substrates. * Transfer to DMC. 
        (see Table 4.1). ? Apiezon brand H grease.69
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Figure 4.3a. 500 MHz acetone d6 1H-NMR spectra of I-PVDF-I initiated from I-(CF2)6-I using fluorescent white lamp. VDF/I-(CF2)6-I/Bu6Sn2 
= 50/1/0.1.  Solvent = DMC, T = 40 oC. (see Table 4.1 exp. 20). 
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b
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Figure 4.3b. 400 MHz acetone 19F-NMR spectra of I-PVDF-I initiated from I-(CF2)6-I using fluorescent white lamp. VDF/I-(CF2)6-I/Bu6Sn2 = 
50/1/0.1.  Solvent = DMC, T = 40 oC. (see Table 4.1 exp. 20). 
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Table 4.3. PVDF structural assignments of 1H and 19F NMR resonances. The chemical shift values correspond to structures in 
red italics 
Signal             Structure 1H-NMR, J value (Hz) 19F-NMR 
a -CF2-[CH2-CF2]n-CH2-                                                      HT          m, ? = 2.90 ppm  m, ? =     -91.3 ppm 
a’ -CH2-CF2-CH2-CF2-CF2-CH2-CH2-CF2-CH2-CF2-            HH m, ? = 2.35 ppm m, ? =   -113.7 ppm 
a’1 -CH2-CF2-CH2-CF2-CF2-CH2-CH2-CF2-CH2-CF2-            HH  m, ? =   -115.9 ppm 
a’2 -CH2-CF2-CH2-CF2-CF2-CH2-CH2-CF2-CH2-CF2-            HH  m, ? =     -95.1 ppm 
a’3 -CH2-CF2-CH2-CF2-CF2-CH2-CH2-CF2-CH2-CF2-            HH  m, ? =     -91.7 ppm 
b *-CF2-CH2-CF2-CF2-CF2-CF2-CF2-CF2-CH2-CF2-* m, ? = 3.22 ppm, 3JHF = 17.1 Hz m, ? =     -91.8 ppm 
b1 *-CF2-CH2-CF2-CF2-CF2-CF2-CF2-CF2-CH2-CF2-*  m, ? =   -111.7 ppm 
b2 *-CF2-CH2-CF2-CF2-CF2-CF2-CF2-CF2-CH2-CF2-*  m, ? =   -121.2 ppm 
b3 *-CF2-CH2-CF2-CF2-CF2-CF2-CF2-CF2-CH2-CF2-*  m, ? =   -123.1 ppm 
b CCl3-CH2-CF2-[CH2-CF2]n- t, ? = 3.75 ppm , 3JHF = 14.8 Hz    
b’ CH3-(CH2)4-CH2-CH2-CF2-[CH2-CF2]n- m, ? = 1-1.5 ppm  
c -CH2-CF2-CH2-CF2-CH2-CF2-I q, ? = 3.62 ppm, 3JHF = 16 Hz   t, ? =     -38.5 ppm 
c1 -CH2-CF2-CH2-CF2-CH2-CF2-I   q, ? =     -92.5 ppm 
c2 -CH2-CF2-CF2-CH2-CH2-CF2-I    t, ? =     -39.3 ppm 
c’ -CH2-CF2-CH2-CF2-CF2-CH2-I t, ? = 3.87 ppm, 3JHF = 18.2 Hz m, ? =   -108.3 ppm 
c’1 -CH2-CF2-CH2-CF2-CF2-CH2-I  m, ? =   -112.0 ppm 
cBr CH2-CF2-CH2-CF2-CH2-CF2-Br tt, ? = 3.56 ppm, 3JHF = 15.2Hz  
cCl CH2-CF2-CH2-CF2-CH2-CF2-Cl t, ? = 3.45 ppm, 3JHF = 14.4Hz  
c’Br -CH2-CF2-CH2-CF2-CF2-CH2-Br t, ? = 3.94 ppm, 3JHF = 14.4 Hz  
d -CH2-CF2-CH2-CF2-CH2-CF2-H tt, ? = 6.3 ppm, 3JHH = 4.6 Hz 2JHF 
= 54.7 Hz 
dt, ? =   -114.7 ppm 
d1 -CH2-CF2-CH2-CF2-CH2-CF2-H  m, ? =     -92.4 ppm 
d’ -CH2-CF2-CH2-CF2-CF2-CH3 t, ? = 1.80 ppm, 3JHF = 19.2 Hz m, ? =   -108.2 ppm 
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4.3.4. Effect of the Light Source in Bu6Sn2-Photomediated VDF-IDT.  The effects of 
using different irradiation sources in Bu6Sn2-photomediated VDF-CRP are shown in 
Figure 4.2.  As expected, in DMC, regardless of the source irradiation and using RF-I 
(e.g. CF3-(CF2)2-CF2-I), the initiator efficiency, IE, remained the same, as the DP is solely 
controlled by the ratio of VDF/RF-I (i.e. 50/1).  
   However, while similar rates were observed using a UV lamp or Oriel Xe lamp, 
VDF polymerizations with fluorescent visible white light were at least six times slower.  
PDIs were essentially the same irrespective of the light source used.  This indicates that 
the rate determining step is the photolysis of Bu6Sn2, which is accelerated under stronger 
UV irradiation. 
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Figure 4.4. Effect of the light source in Bu6Sn2 photomediated VDF-CRP. (a) Dependence of Mn 
and PDI on conversion and (b) Kinetics. [VDF]/[CF3-(CF2)2-CF2-I]/[Bu6Sn2] = 50/1/0.1. 40°C 
visible white light (?), UV lamp (?), Oriel Xe Lamp (?). Solvent = DMC. 
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4.3.5. Effect of the Nature of the RF-I CT agents and of the VDF/RFI Ratio.  
 The effect of the nature of RF-I CT agents and VDF/RFI ratio on the dependence 
of Mn on conversion is presented in Figures The initiator efficiency is insensitive to the 
amount of Bu6Sn2 and the type of CT agent, provided that the ratio of VDF/RF-I is the 
same (i.e. IECF3-(CF2)2-CF2-I = IEI-(CF2)6-I).  This further reinforces the fact that molecular 
weight depends only on the ratio of VDF/RF-I.   
Correspondingly, in the case of Mn2(CO)10,16 monofunctional CF3-(CF2)2-CF2-I, 
was also inferior to the difunctional I-(CF2)6-I CT agent. This is because bidirectional 
growth from difunctional species compensates for termination by their radical-radical 
coupling, and this is evident in the PDIs and chain end functionality (vide infra).  In 
addition, I-(CF2)6-I exhibits faster reaction rates because the actual DP from bidirectional 
initiation in difunctional initiators is essentially halved. 
Accordingly, Bu6Sn2-promoted VDF-CRPs were obtained using I-(CF2)6-I and 
even with monofunctional CF3-(CF2)2-CF2-I.  In all cases, a linear dependence of 
molecular weight (Mn) on conversion is observed, with reasonable PDI.  Different Mn vs. 
conversion profiles for different VDF/I-(CF2)6-I ratios (DP effect, Table 4.1 entry 20-23, 
Figure 4.4) also indicate polymerization control.   
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Figure 4.5. Effect of mono vs. difunctional initiators: (a) Dependence of Mn and PDI on 
conversion and (b) Kinetics in Bu6Sn2-photomediated VDF-CRP using visible white light. 
[VDF]/[CF3-(CF2)2-CF2-I]/[ Bu6Sn2] = 50/1/0.05 (?), 50/1/0.1 (?);  [VDF]/[I-(CF2)6-I]/[ 
Bu6Sn2] = 50/1/0.05 (?), 50/1/0.1 (?).  T = 40°C, Solvent = DMC. 
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Figure 4.6. (a) Dependence of Mn and PDI on conversion and (b) Kinetics of Bu6Sn2 
Photomediated VDF-CRP using visible white light. [VDF]/[I-(CF2)6-I]/[Bu6Sn2] = 50/1/0.1 (?), 
200/1/0.1 (?), 500/1/0.1 (?) and 1,000/1/0.1 (?). T = 40°C, Solvent = DMC. 
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4.3.6. Comparative Experiments.  A comparison of Bu6Sn2 with Mn2(CO)10 was 
carried out using I-(CF2)6-I as a CT agent and is presented in Figure 4.5.  Under similar 
condition (i.e. [VDF]/[I-(CF2)6-I]/[Cat] = 50/1/0.1), both afforded controlled 
polymerization of VDF with PDIs about 1.4.  However, better initiator efficiency was 
obtained with Bu6Sn2, and the kpapp is 2.5 times faster than the one for Mn2(CO)10.   
The faster polymerization rate obtained in the Bu6Sn2 kinetics is indicative of 
faster Bu3Sn? radical generation compared to Mn(CO)5? generation from Mn2(CO)10. 
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Figure 4.7. Comparison of Mn2(CO)10- and Bu2Sn2-Photomediated VDF-CRP.  (a) Dependence 
of Mn and PDI on conversion and (b) Kinetics, using visible white light. [VDF]/[I-(CF2)6-I]/[Cat] 
= 50/1/0.1. Mn2(CO)10 (?) and Bu6Sn2 (?). T=40°C, Solvent = DMC. 
 
108 
 
            4.3.8. Iodine Chain end Functionality.  The dependence of the halide chain end 
functionality on the nature of the catalyst, the type of light source, and initiator 
functionality, is presented in Figures 4.8, 4.9 and respectively 4.10.  Relative integrations 
of the b, c, c’, d and d’ resonances used to calculate of the halide chain end functionality 
is outlined below.  All integrals are normalized to 2 protons. 
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Consistent with Mn2(CO)10 experiments,16 difunctional I-(CF2)6-I initiator, once 
again showed superiority over the monofunctional CF3(CF2)3-I CT agent in Bu6Sn2-
photomediated VDF-CRP.  Over 95 % of the total halide functionality was obtained 
using I-(CF2)6-I as a CT agent with almost equal percentage of ~CH2-CF2-I and         
~CF2-CH2-I chain ends (see Figure 4.8).   
Irrespective of the source of irradiation, halide chain ends functional remained 
essentially the same in Bu6Sn2-photomediated VDF-CRP in the presence of CF3-(CF2)2-
CF2-I as CT agent (see Figure 4.9).  
109 
 
 
0 20 40 60 80 100
0
10
20
30
40
50
60
70
80
90
100
Conversion (%)
Fu
nc
tio
na
lit
y 
(C
F 2
I)
 I-(CF2)6-I
CF3-(CF2)2-CF2-I
(a)
    
0 20 40 60 80 100
0
10
20
30
40
50
60
70
80
90
100
 CF3-(CF2)2-CF2-I
 I-(CF2)6-I
Conversion (%)
Fu
nc
tio
na
lit
y 
(C
H
2I)
(b)
    
0 20 40 60 80 100
0
10
20
30
40
50
60
70
80
90
100
CF3-(CF2)2-CF2-I
Conversion (%)
Fu
nc
tio
na
lit
y 
(T
ot
al
)
I-(CF2)6-I
(c)
 
Figure 4.8. Effect of the nature of initiator on chain end functionality. Dependence of % CH2-CF2-I, -CF2-CH2-I and total iodide (-CH2-CF2-I + -CF2-CH2-I) 
functionality on conversion. [VDF]/[CF3(CF2)3-I]/[Bu6Sn2] = 50/1/0.05 (?), 50/1/0.1 (?);  [VDF]/[I-(CF2)6-I]/[Bu6Sn2] = 50/1/0.05 (?), 50/1/0.1 (?).  
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Figure 4.9. Effect of the nature of light source on chain end functionality. Dependence of % CH2-CF2-I, -CF2-CH2-I and total iodide (-CH2-CF2-I + -CF2-
CH2-I) functionality on conversion. [VDF]/[CF3-(CF2)2-CF2-I]/[Bu6Sn2] = 50/1/0.1. 40 °C visible light (?), UV lamp (?), Oriel Xe Lamp (?). 
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Figure 4.10. Dependence of halide chain end functionality on conversion in the comparative experiments of Mn2(CO)10- and Bu6Sn2-
photomediated VDF-CRP. [VDF]/[I-(CF2)6-I]/[Cat] = 50/1/0.1. Mn2(CO)10 (?) and Bu6Sn2 (?). Filled symbols = total functionality, 
top filled = ~CH2-CF2-I, bottom filled = ~CF2-CH2-I. 
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Comparative experiments of Mn2(CO)10- and Bu6Sn2-photomediated VDF-CRP 
both showed a total iodide functionality of about 90 %.  However, the distinguishing 
difference is in the proportion of the halide chain ends retained at high conversion.  The 
Bu6Sn2 experiments preserved about 50 % of the reactive ~CH2-CF2-I chain end after 
about 80 % conversion while ~ 30 % of such chain end was retained in Mn2(CO)10 even 
at 70 % conversion.  Conversely, at high conversion, Mn2(CO)10 experiment displayed 
higher percentage of the poorer chain end ~CF2-CH2-I, compared to the Bu6Sn2 
experiment (60 % vs. 40  %). See Figure 4.10.   
Consequently, since Mn(CO)5I does not donate iodide16, higher  proportion of the 
reactive chain end obtained in the Bu6Sn2 experiment might be as a result of the ability of 
Bu3SnI to donate iodide (to some extent) to the growing chain.  As such, Bu6Sn2 may 
qualify as weak catalyst for the IDT, while possible photolysis of Bu3SnI to Bu6Sn2 and I2 
should not be discounted.75  It is also likely that future manipulation of the streoelectronic 
ligand effects in R6Sn2 derivatives may improve their ability to act as IDT catalysts. 
 
4.3.9. Sn Mediated Synthesis of Block Copolymers from PVDF-I:  Previous 
synthesis of ill-characterized PVDF blocks were performed from halide terminated PVDF 
prepared by VDF telomerization with CCl4,76 Br-CF2-CF2-Br,77 CF3-CF2-CF2-CH2-I,78   
I-(CF2)4-I or macromolecular RF-I initiators,79 followed by either condensations for 
polysulfones blocks,77 or chain extensions (Cu/ATRP) with styrene or MMA.78  
However, no details on the PVDF-X halide chain ends were provided.16  In retrospect, it 
is clear that the “blocks” were an inherent mixture of homo- and copolymers, since it was 
not realized that while CuX/L hardly activates perfluorohalides (e.g.       
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kabstr,(CH3)2C(COOEt)-Br/kabstr,C8F17-Br ~102),80 and thus barely initiates from C-I in -CF2CF2-I, 
let alone in             -CH2CF2-I, and especially in the dominant -CF2CH2-I chain end.   
Bu3Sn? radicals (like Mn(CO)5?)16 are extremely strong halide abstractors. As 
such, complete activation of both iodide chain ends was observed when a sample of 
PVDF-I (~CH2-CF2-I = 50%, ~CF2-CH2-I = 45%) was treated with Bu6Sn2 under visible 
light (see Figure 4.11 a-b).  In the absence of a monomer, PVDF-CF2-CH2? and      
PVDF-CH2-CF2? radicals are deactivated via H abstraction from the DMAC solvent and 
more pronounced peaks d’ PVDF-CF2-CH3, d PVDF-CH2-CF2H and d”                   
PVDF-CH2-CF2H are seen at ? = 1.80 ppm, ? = 6.30 ppm, and ? = 2.77 ppm respectively. 
 The synthesis of block copolymers with MMA, styrene and vinyl acetate is 
presented in Table 4.4 and Figure 4.12.  
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Figure 4.11. Comparison of the 1H-NMR spectra of PVDF-I initiated from CF3-(CF2)3-I with the corresponding PVDF-H sample 
obtained after complete iodide abstraction by Bu6Sn2 in DMAC. [PVDF-I]/[Bu6Sn2] = 1/0.5, T = 40 ?C/visible light. ? DMC, * 
elimination.
PVDF-I
PVDF-H
Bu6Sn2h?
c bc’
b
a
a
Acetone
d d” d’
*
?
(a)
(b)
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Table 4.4. Characterization of Bu6Sn2 Photomediated Synthesis of PVDF Block Copolymers.  
Exp. Monomer M 
[M]/[PVDFI]/ 
[Bu6Sn2] 
Conv 
(%) 
Composition 
M/VDF Mn PDI 
1  Methyl methacrylate 100/1/1.5 a) 80 85/15 24,100 2.78 
2 Styrene 100/1/1.5 a) 50 60/40 27,400 1.89 
3 Vinyl Acetate 100/1/1 b) 40 40/60 10,500 1.36 
a) T = 90 ?C and solvent = DMC. b) T = 40 ?C, DMAc. Block copolymers from I-PVDF-I, Mn = 
1,900 and PDI = 1.38, ~CH2-CF2-I = 50%, ~CF2-CH2-I = 45% 
The NMR assignments corresponding to the copolymers from Figure 2 are as follows: 
 
Poly(methyl methacrylate): 
e  ? = 3.64 ppm, -CH2-CCH3(COOCH3)-, 
e’ ? = 1.86 - 1.97 ppm, -CH2-C(CH3)(COOCH3)-, 
e” ? = 0.90 -1.2 ppm, -CH2-C(CH3)(COOCH3)-,        
 
Polystyrene: 
f,  ? = 6.4-7.4 ppm, -CH2-CH(C6H5)-, 
f’  ? = 1.94 ppm , -CH2-CH(C6H5)-,  
f” ? = 1.63 ppm , -CH2-CH(C6H5)-, 
 
Poly(vinyl acetate): 
g  ? = 4.92 ppm, -CH2-CH(OCOCH3)- 
g’ ? = 1.98 ppm, -CH2-CH(OCOCH3)- 
g” ? = 1.83 ppm, -CH2-CH(OCOCH3)-, 
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Figure 4.12. 500 MHz 1H NMR PVDF block copolymers in d6-acetone.  (a) PMMA-b-PVDF-b-PMMA (b) PSty-b-PVDF-b-PSty and 
(c) PVAc-b-PVDF-b-PVAc. (see Table 4.4). 
(a)
(b)
(c)
e
e’
PVDF
f f”f’
PVAc-b-PVDF -b-PVAc
PSty-b-PVDF -b-PSty
PMMA-b-PVDF -b-PMMA
a
a
a
g’
g”
g
e”
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4.4. Conclusion 
Similarly to Mn2(CO)10 experiments, Bu6Sn2 successfully promoted mild 
temperature direct alkyl halide VDF initiation and VDF-CRP in the presence of RF-I via 
homolytic cleavage of the Sn-Sn bond using visible light in inexpensive glass tubes. 
Complete halide chain end activation towards synthesis of block copolymers was 
equally achieved, in addition to highest polymerization rate obtained from using DMC 
as a polymerization solvent when compared to the well-established and tested solvents 
(e.g. ACN).   
However, Bu3Sn? proved to be a better activator than Mn(CO)5? following the 
activation of strong C-Cl and C-Br bonds in CH3-(CH2)5-Cl and respectively             
CH3-(CH2)5-Br towards VDF polymerization.  Comparative experiments also showed 
faster polymerization and good retention of the reactive iodide chain end (~CH2-CF2-I), 
in Bu6Sn2 experiments when compared to the Mn2(CO)10.  
However, further catalyst optimization is still necessary for true catalyzed IDT. 
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Chapter 5.  Visible Light Hypervalent Iodide Carboxylate 
Photo(trifluoro)methylations in Metal Free Controlled Radical 
                            Polymerization of Fluorinated Alkenes 
 
 
5.1. Introduction 
 Driven by the unique properties imparted by the -CF3 moiety onto chemical 
structures ranging anywhere from synthetic drugs to polymers and nanostructures, 
trifluoromethylation (TFM) has recently emerged as a very valuable technique towards 
dramatically improving and expanding molecular properties and functions, and the 
associated chemistry has become an extremely active field of research.1-14   
 As such, while the vast majority of TFM reactions involve nucleophilic (“CF3-“ 
e.g. Me3Si-CF3),2,8,15,16 electrophilic2,13,14,17 (“CF3+” e.g. chalcogen salts [CF3-YAr2]OTf, 
Y = O, S, Se, Te,18 or cyclic iodanes such as 1-trifluoromethyl-1,2-benziodoxole,       
CF3-I(-Ph-OCO-)19,20,21,22) as well as organometallic (e.g. “CF3-Cu”, or Pd, 
Ni)6,7,13,23,24,25,26 protocols for arene or carbonyl TFM functionalization, very recently, 
radical (CF3?)2,27 aryl (CF3SO2Na/tBuOOH),28 enantioselective carbonyl 
(CF3I/RuCl2(PPH3)3)29 as well as photomediated aryl (Ru(phen)3Cl2/CF3SO2Cl)30 and 
carbonyl (CF3-I)31 ?-TFMs have emerged as a much more/very 
convenient/inexpensive/efficient/very powerful  strategies/procedures for the rapid 
synthesis of TFM-lated libraries with  wide structural diversity.  
 Conversely, fluorinated (co)polymers derived from radical reactions are a 
fundamental class of specialty materials endowed with a wide range of high-end 
applications32 which require their precise synthesis. However, while modern               
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state-of-the-art controlled radical polymerizations (CRP) methods (atom transfer, 
nitroxide or reversible addition-fragmentation) have undergone remarkable 
developments33,34 for conventional monomers such as (meth)acrylates or styrene, their 
suitability for the gaseous main chain fluorinated alkene monomers (FMs: vinylidene 
fluoride (VDF), hexafluoropropene (HFP), tetrafluoroethylene, etc. has not been 
demonstrated.   
 Thus, due to the current lack of suitable CRP chemistry, the synthesis, 
study/characterization, fundamental understanding of the self-assembly and of the 
properties and applications of well-defined complex macromolecular architectures 
(blocks, graft, hyperbranched, stars, etc.) based on main chain fluorinated monomers still 
lag significantly behind those associated with the corresponding materials derived from 
conventional alkenes (styrene, acrylates, dienes, etc.) 
 To date, industrial FM-CRP is still accomplished with the oldest of CRP 
methods,35 the iodine degenerative transfer34,36 (IDT: Pn? + Pm-I  Pn-I + Pm?),32,37 
which evolved from high temperature (100-250 ?C) free radical VDF telomerizations38 
with polyhalides,39a-c and especially (per)fluorinated iodine (RF-I) chain transfer (CT) 
agents,37 including CF3-I or I-(CF2)n-I.38,40,41,42,43 
 However, while the RF-I derived electrophilic44 RF? radicals add readily to 
nonfluorinated alkenes at room temperature (rt) under metal catalysis,45 and many metal 
complexes activate typical alkyl halide (R-X) ATRP initiators,46 only very low VDF 
oligomers are obtained, even at T > 100 ?C from transition metal salts and 
polyhalides.32,37,47,48 Moreover, although VDF polymerization can proceed at room 
temperature (rt),49 the metal mediated radical initiation of such electrophilic FMs directly 
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from halides and thus metal-mediated FM-CRP at T < 100 ?C, including around rt, is50 
not available.  Consequently, conventional FM-IDT always demands a free radical 
initiator (e.g. tbutyl peroxide).32,37,38,41   
 As such, the development of FM-CRP, the synthesis of elaborate FM polymer 
architectures, and the mapping the resulting fluoromaterials genome remains a worthy 
endeavor.32,35,37-42,47,51,52  Conversely, such polymerizations are very challenging on a 
laboratory scale (especially in an academic laboratory setting), as all FMs are gases 
(????? = -83 ?C) and typical telo/polymerizations are carried out at T > 100-200 ?C,32 in 
expensive, high-pressure metal reactors.  
 Moreover, in additional contrast with acrylates- or styrene-CRP, VDF-IDT 
generates two halide chain ends, Pn-CH2-CF2-I and Pm-CF2-CH2-I with vastly different 
reactivity,42 and, while  acrylate or styrene kinetics can effortlessly be sampled even on a 
1 g scale, FM polymerizations involve many time-consuming one-data-point reactions 
using at least tens of grams of monomer.  
 Thus, development of mild temperature protocols for low pressure, small-scale 
polymerizations in inexpensive glass tubes, would be very appropriate for fast catalyst 
and reaction condition screening and also amenable to photochemistry.50  As such, while 
VDF high power UV telomerizations exist,32,37,53 until recently,50 there were no reports on 
VDF polymerizations under regular visible light.   
 To address the problems above, we decided to investigate milder means of radical 
generation and have very recently disclosed50 the first examples of transition metal 
mediated, controlled, and respectively free radical VDF polymerizations (VDF-IDT-CRP 
and VDF-FRP), carried out at 40 ?C in low pressure glass tubes, and using a Mn2(CO)1054 
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visible light photocatalyst in conjunction with perfluoroalkyl iodides and respectively, 
with a wide variety of other alkyl halides.  Moreover, we have also demonstrated the 
complete activation of both Pn-CH2-CF2-I and Pm-CF2-CH2-I PVDF chain ends, towards 
the subsequent synthesis of the first examples of well-defined PVDF block copolymers. 
 Our Mn2(CO)10 experiments have also revealed50 that since VDF is a very reactive 
monomer, only highly reactive radicals such as RF? or CX3? (X = H, F, Cl)32 were 
capable of rt initiation.  Thus, although many halides was tested, the only effective 
initiators were RF-X or X-RF-X (X = Cl, Br, I) and respectively CH3-I, CF3-I,             
CF3-SO2-Cl, CCl4 and CCl3Br, where CF3-I and CF3-SO2-Cl also provided the first 
examples of Mn2(CO)10-catalyzed alkene TFM.   
 Conversely, while CH3? is also available from e.g. the decomposition of TBPO,55 
the generation of CF3? from CF3-I is expensive and impractical (bpCF3-I = -22.5 ◦C).  In 
fact, except for our Mn2(CO)10 report,50 very few other CF3? precursors have ever been 
evaluated in the initiation of FMs, where such radicals were generated either by high 
temperature thermolysis or under strong UV irradiation from commercially available but 
inconvenient and expensive CF3-Br56 and CF3-I57, or from commercially unavailable 
CF3-SO2-SR,58 CF3-S-(C=S)-OR,59 explosive  CF3-C(O)O-O(O)C-CF3,60 toxic Hg(CF3)2, 
Cd(CF3)2, Te(CF3)2,61 or from even more exotic and expensive substrates such as CF3-
decorated octafluoro[2.2]paracyclophanes,62 or  persistent perfluoro-3-ethyl-2,4-
dimethyl-3-pentyl radicals.63  Thus, availability of a clean, safe, nongaseous, 
commercially available and inexpensive source of CF3? radicals would be highly 
desirable for TFM radical reactions involving either polymerizations or arene 
functionalization. 
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 Interestingly, although known for over a century,64 hypervalent iodine(III,V) (HVI) 
derivatives (?3- and ?5-iodanes) have recently undergone a resurgence in organic 
chemistry.65,66,67  Consequently, they have also become inexpensively commercially 
available, as illustrated (especially) HVI carboxylates (HVICs) such as (CX3COO)2IIIIPh, 
(X = H, ((diacetoxy)iodo)benzene, IDAB; X = F, bis(trifluoroacetoxy)iodo)benzene, 
IFAB) and (CH3COO)3IV(-PhCOO-) (Dess-Martin periodinane, DMPI), Fig. 5.1. 
 While the overwhelming majority of such HVI carboxylates applications are 
oxidations,65 examples of radical processes are also emerging.65,68  Thus, radicals 
obtained thermally or under Hg-UV from the decarboxylation of HVIs derived in-situ by 
IDAB and IFAB ligand exchange with carboxylic acids add to alkenes69 or alkylate 
heteroaromatic bases.70  Alternatively, in the additional presence of I2, HVIs mediate the 
hypoiodite reaction71,72 of R-Y-H such as alcohols,72,73,74 carboxylic acids,74, 75, 76 and 
amines77 to generate transient R-Y-I,78,79 which upon UV-VIS irradiation80 provide the 
corresponding R-Y? radicals (Y = O, COO, NR).  {Conversely, at rt, without irradiation, 
IDAB or IFAB react with NaN3,81 TMS-N3,82 TMS-NCS,83 or KSCN,84 to produce N3? or 
NCS? radicals (which add to alkenes or abstract H from weak substrates) while IFAB 
SET-oxidizes electron rich aromatics to the corresponding cation radicals towards 
oxidative couplings.85  } 
 However, while diaryliodonium salts are known cationic polymerizations 
photoinitiators80,86 and photoacid generators in photolithography,65,80 the potential use 
IDAB and IFAB as radical polymerization initiators, while first disclosed over 60 years 
ago87 remains largely ignored88 and, to the best of our knowledge, there are no reports on 
the use of IDAB and IFAB in the initiation of the polymerization of fluorinated 
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monomers, on the use of IFAB in trifluoromethylation reactions, and on the photolysis of 
DMPI and its radical reactions.   
 As such, we suggest that for radical chemistry applications, carboxylate HVIs be 
considered protected, synthetic equivalents of the more reactive/explosive60corresponding 
diacylperoxides, where RF? or CX3? radicals, inaccessible via RF/CX3-CO-O-O-CO-
CX3/RF, become readily available via photolysis of the stable, corresponding          
RF/CX3-CO-O-IPh-O-CO-CX3/RF or Ph(COO)I(OCOCX3/ RF)3 HVI derivatives.  
Moreover, any such HVIs can also be generated in situ from RF/CX3COOH and catalytic 
PhI using Oxone.89 Thus while typical low (rt) free radical initiators (peroxides,2,2’-
Azobis(4-methoxy-2,4-dimethylpentanenitrile) v70, diazo methane), are expensive, 
hazardous and require refrigeration, HVI carboxylates are protected substitues even at rt. 
In addition, we also envision the use of HVICs in conjunction with various iodine 
sources, such as RFI and I2 for the in-situ generation of IDT capable species.  
 While the methodologies described below would undoubtedly work even better 
on well behaved monomers such as acrylates or styrenes etc., we decided to investigate 
the scope and limitations of HVI carboxylates as initiators for controlled and free radical 
polymerizations and furthermore to illustrate the usefulness of IFAB as a TFM agent 
using the more difficult VDF as a model, in a metal free, organocatalysis of FM-CRP. 
 
5.2. Experimental 
5.2.1 Materials. Vinylidene fluoride (VDF, 99.9%), 1-iodononafluorobutane 
(perfluorobutyl iodide, PFBI, 98%), 1,6-diiodododecafluorohexane (98%), 3-
Ethoxyperfluoro(2-methylhexane) 99%), 1,1,1,3,3-pentafluorobutane (99%), 
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hexafluorobenzene (HFBz, 99+%), perfluorohexane (98%), (all from Synquest); 
[bis(trifluoroacetoxy)iodo]benzene (IFAB, 98%), trifluoroacetic anhydride (99+%), N,N-
dimethylacetamide (extra pure, 99+%), ethylene carbonate (EC, +99%), (all from Acros 
Organics); iodomethane (CH3I, ReagentPlus, 99.5%), Dess-Martin periodinane (DMPI, 
97%),  (diacetoxyiodo)benzene (IDAB, 98%), dimethyl carbonate (DMC, ≥ 99% 
anhydrous), diethyl ether (anhydrous, 99%) and acetic anhydride (certified A.C.S), N,N’-
Dimethylformamide (DMF, 99.9%), trifluoroacetic acid (extra pure, 99%), (all from 
Fisher Scientific); propylene carbonate (PC, 99.7%, HPLC grade), trimethyl phosphate 
(TMP, 99+%), diethyl carbonate (DEC, ≥99%), dimethyl sulfoxide (DMSO, 99.8%), 1,4-
dioxane (Diox, 99.7%), 1,2-dichloroethane (anhydrous, 99.8%), 1,1,1,3,3,3-hexafluoro-2-
propanol (HFIPA, > 99%), ethyl acetate (anhydrous, 99.8%), methylene chloride 
(anhydrous, ≥99.8%, with 50-150ppm amylene), α,α,α-trifluorotoluene (TFT, 99%), 
methanol (99%), methyl trifluoroacetate (99%), (all from Aldrich); acetone-d6 
(Cambridge Isotope Laboratories, Inc., D, 99.9%), iodine (Crystals,Resublimed Reagent, 
A.C.S), from EM Science (MCB Reagents);  acetone (99.9 %), acetonitrile (HPLC 
grade), (from J. T. Baker), 2,2,2-trifluoroethanol (from Kodak) were used as received.  A 
commercial GE Helical 26 W fluorescent white light Hg spiral bulb was used as the 
visible light source. 
5.2.2. Techniques. 1H NMR (500 MHz) and 19F-NMR (400 MHz) (proton 
decoupled) spectra were recorded on a Bruker DRX-500 and respectively on a Bruker 
DRX-400 at 24 0C in acetone-d6.  GPC analyses were performed on a Waters gel 
permeation chromatograph equipped with a Waters 2414 differential refractometer and a 
Jordi 2 mixed bed columns setup at 800C. DMAc (Fisher, 99.9% HPLC grade) was used 
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as eluent at a flow rate of 1 mL/min. Number-average (Mn) and weight-average 
molecular weights (Mw) were determined from calibration plots constructed with 
polymethylmethacrylate standards.  All reported polydispersities are those of water 
precipitated samples.   
5.2.3. Polymerizations. 
5.2.3.1. Free Radical Polymerization VDF with IFAB. 
 The polymerizations were carried out with the same setup as described in our 
previous VDF/Mn2(CO)10 report.50 In a typical reaction, a 35-mL Ace Glass 8648 # 15 
Ace-Thread pressure tube equipped with a bushing, and plunger valve with two O-rings 
and containing a magnetic stir bar, IFAB, (222 mg, 0.52 mmol) and solvent (e.g. DMC, 3 
mL) was degassed with He and placed in a liquid nitrogen bath. The tube was 
subsequently opened, followed by the condensation of VDF (1.7 g, 26 mmol), directly 
into the tube, which was then re-degassed with He.  The amount of condensed VDF was 
determined by weighing the closed tube before and after the addition of the monomer.   
The tube was then placed in behind a plastic shield, in a thermostated oil bath, 
illuminated with a commercial GE Helical 26 W fluorescent white light Hg spiral bulb, 
from about 2-4 cm. For polymerization kinetics, identical reactions were set up 
simultaneously and stopped at different polymerization times.  At the end of the reaction, 
the tube was carefully placed in liquid nitrogen, slowly opened behind the shield, and 
allowed to thaw to room temperature in the hood, with the concomitant release of 
unreacted VDF.  The contents were poured in water, filtered and dried. The polymer was 
later washed with toluene and ether to remove unreacted HVIC.  Subsequently, the 
polymer was dissolved in DMAc, reprecipitated in water, filtered and dried. While 
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precipitation in MeOH is feasible, it will also lead to fractionation and thus artificially 
narrowing of the polydispersity by about 0.2, especially on lower molecular weight 
samples.  Thus, all reported GPC results are from water precipitation.   The monomer 
conversion was determined as the ratio of the differences of the tube weight before and 
after the reaction and respectively before and after VDF charging (i.e. c = (Wtafter VDF 
condensation - Wtafter VDF release)/(Wtafter VDF condensation –Wtbefore VDF addition), as well as the ratio of 
the dry polymer to the condensed VDF.  Both procedures gave conversions within < 5% 
of each other. 
5.2.3.2. VDF-IDT Controlled Radical Polymerization using HVICs with 
             I(CF2)6I and I2. 
 With I(CF2)6I: Similarly to the procedure described above, in typical reaction, 
HVIC (IFAB, 18.5 mg, 0.04 mmol; or IDAB, 14 mg, or 0.04 mmol; DMPI, 18.2 mg, 0.04 
mmol) and solvent (e.g. DMC, 3 mL) was degassed with He and placed in a liquid 
nitrogen bath.  The tube was subsequently opened, and I-(CF6)-I (0.04 mL, 0.17 mmol) 
was added, followed by the condensation of VDF (2.2 g, 34.5 mmol), directly into the 
tube, which was then re-degassed with He.  Same technique was followed for the 
polymerization precipitation and conversion determination. 
 With I2: As described above, the tube containing IFAB, (222 mg, 0.52 mmol) and 
solvent (e.g. DMC, 3 mL) was degassed with He and placed in a liquid nitrogen bath. The 
tube was subsequently opened, and I2 (33 mg, 0.13 mmol) was added, followed by the 
condensation of VDF (1.7 g, 26 mmol), directly into the tube, which was then                
re-degassed with He.  Same technique was followed for the polymerization, precipitation 
and conversion determination. 
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5.3. Results and Discussion 
 5.3.1. Thermolysis, Photolysis, and Decarboxylation. 
 Aromatic carboxylates such as (ArCOO)2PhI thermolyze in solution at 125-150 
?C via a combination of ionic and radical processes, with the formation of ArCOOPh and 
ArCOOI and respectively, of PhI and ArCOO?, which rapidly decarboxylates to Ar?.90-93  
(it is thus likely that some CX3-COOI might form our hvis as well--check the effect of 
BPO, and benzaldehyde and of anhydride on our polymerizations.)91  IFAB and DMPI 
thermolysis data is unavailable, but similarly, thermolysis of (CH3COO)2PhI (IDAB) at 
127-160 ?C94,95 proceeds both heterolytically (~75 %, CH3COOPh and CH3COOI) and 
homolytically (~25 %,  PhI and CH3COO? i.e. CH3?+ CO2), where the radical pathway is 
additionally favored by external radical sources,92,94 increasing acetate substitution96 and 
irradiation.   
 As such, while IDAB rt thermolysis is negligible (k130◦C ~ 10-6 s-1, k40◦C ~ 10-10s-1),94 
its rt UV photolysis (Hg-254, 265 nm) proceeds readily (k??????
 
~ 5.6 x 10-6 mol L-1s-1, ? 
quantum yield = 0.62),97 affording only radical homolysis products.  Similarly, rt UV 
photolysis of HVI derivatives obtained by ligand exchange of IDAB,69,70abc or of the more 
effective IFAB,70bcd with carboxylic acids, affords selectively the corresponding alkyl 
radicals, as decarboxylation of aliphatic carbonyloxy radicals is extremely fast.68,76,98,99  
While no kinetic data is available on the visible light photolysis of IDAB, IFAB and 
DMPI, it is reasonable to assume that it also proceeds only by homolysis.  
 Thus, while at much higher temperatures, an interplay between thermal and photo 
generation of CX3COO? may be invoked, consistent with our previous Mn2(CO)10 
experiments,50 and as a reasonable balance between reaction rate and safe pressure inside 
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the glass tube, we decided to carry out all our investigations at 40 ?C, where all HVIs 
undergo only photodecomposition.   
 Consistent with the above thermolysis results,94,97 control experiments (Table 5.1, 
exp. 1-3) reveal no dark reaction, indicating that while without irradiation, nucleophilic 
cis-1,2-additions of CX3COO- to nonfluorinated alkenes may occur,65,65,100 this is not the 
case for VDF.  As such, for all three HVI carboxylates (IDAB, IFAB, DMPI), the first 
step in the polymerization mechanism (Scheme 5.1. Eqs. 1-1’) is the photolysis of the 
weak I-O bonds.  In the absence of iodine additives (vide infra), the resulting CX3COO?65 
(X = H, F) decarboxylates to CX3? at diffusion controlled rates (k ~ 109       s-1)68,76,98,99 
which then adds to VDF,50 thus initiating polymerization (eq. 2-2’).   
 Both 1H- and 19F-NMR (Figure 5.2a-c) confirm the predominantly regiospecific 
CX3-CH2-CF2-PVDF (X = F,101,102,103 H101,104) addition, as well as the absence of 
potential102 CX3COO-PVDF or PVDF~CH2-CF2-I/PVDF~CF2-CH2-I chain ends even 
while using excess PhI (control experiments Table 5.1, Fig 5.2d). (i.e. decarboxylation is 
faster than addition to VDF, and the cogenerated Ph-I or HOOC-Ph-I are not iodine CT 
agents at 40 ?C).   
 
 
Figure 5.1. Structure of the HVICs. (Hypervalent Iodine species with Martin-Arduengo 
designation [N-X-L] where N = # of valence electrons on central atom, X = central atom,            
L = # of ligands on central atom).105 
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Scheme 5.1.  Mechanism of the HVIC-photomediated VDF TFM and IDT with external 
and in situ generated CTAs. 
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Table 5.1. Control Experiments: Effect of light vs. dark (exp. 1-6), evaluation of PhI and CH3-I as chain transfer agents (exp. 7-9), testing dark 
acetoxylation (exp. 10, 11) and chain end activation by CF3• and CH3• (exp. 12, 13); T = 40 ?C. 
Exp. Reagent Ratios 
Light/ 
Dark 
Time 
(Hrs) 
Conv 
(%) 
kpapp 
(h-1) 
Mn PDI                    Notes 
1      [VDF]/[IFAB]   = 50/1 Dark 140 No reaction 
No reaction 
No reaction 
  
2 [VDF]/[IDAB]  = 50/1 Dark 50   
3 [VDF]/[DMPI]  = 50/1 Dark 50   
4 [VDF]/[IFAB]   = 50/1 Light 16 42 0.034  3,800 2.89 
5 [VDF]/[IDAB]  = 50/1 Light 16 35 0.027  6,100 2.04 
6 [VDF]/[DMPI]  = 50/1 Light 17 18 0.012  2,600 2.49 
7 [VDF]/[IFAB]/[PhI]   = 50/1/3 Light 67 17 0.003 3,100 1.65  No I chain ends present, Fig. 5.2d. 
9 [VDF]/[IFAB]/[CH3I] = 50/1/3 Light 18 37 0.026 4,900 1.82  No I chain ends present, Fig. 5.2d. 
8 [VDF]/[IFAB]/[CF3I]a) = 100/1.5/1 Light 27 51         0.023         2,200       1.80  I chain ends present, Fig. 5.2d. 
10 [PVDF-I]/[IFAB]  = 1/3(b Dark 48 No reaction/acetoxylation (see Figure S5c) 
11 [PVDF-I]/[IDAB] = 1/3(b Dark 48 No reaction/acetoxylation (see Figure S5c) 
12 [PVDF-I]/[IFAB]  = 1/3(b Light 48  100 % activation of PVDF-CF2-I, >50% of PVDF-CH2-I, Fig. 5.6b 
13 [PVDF-I]/[IDAB] = 1/3(b Light 48 < 50 % activation of PVDF-CF2-I,  0 % of PVDF-CH2-I, Fig. 5.6b 
a) CF3-I obtained in situ, see text. (b PVDF-I: (Mn = 2,000; PDI = 1.24; ~CH2-CF2I = 63%, ~CF2-CH2I = 37 %) synthesized as previously  
described50 
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5.3.2. Solvent effect in VDF-FRPs and in CRP.  We have previously 
investigated the solvent effect in Mn2(CO)10-mediated VDF polymerizations50 and 
highlighted DMC as the best out of > 40 solvents.  In this case, in addition to a low CT 
constant and at least partial polymer solubilization, chemical inertness vs. HVIs is an 
extra requirement.  Thus, polar solvents may induce minor HVI ionic dissociation,65,97 
whereas possible side reactions (ligand exchange, acetoxylation, oxidation, ring opening 
etc.)65 in conjunction with high CT and poor PVDF solubilization, account for the no or 
low conversions of H2O, MeOH, HFIPA, CF3-CH2-OH, CX3COOH, DMF, DMAC,65a,106 
acetone, ACN,107 cyclic carbonates, Et2O, C6F12, C6F6, CF3-CH2-CF2-CH3.  As such, 
consistent with our previous data,50 out of the 28 solvents tested (Table 5.2 a-c), DMC 
provides complete or partial solubilization for IFAB and respectively IDAB and DMPI 
and is again the solvent of choice, with the fastest polymerization rates and lowest PDIs 
for all initiators.  Interestingly, acetate additives (i.e. (CX3CO)2O) ensure the 
reproducibility of HVI decomposition kinetics,95 by realkylation of trace hydrolyzed 
PhI(OH)(OAc),94 and can also be used in VDF-HVI polymerizations. 
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Table 5.2a. Solvent Effect in (CF3COO)2IPh Photoinitiated VDF Polymerizations.a)  
Exp. Solvent 
Conv 
(%) 
kpapp 
(h-1) 
Mn PDI 
1      H2O 0 - - - 
2 CH3-OH 0 - - - 
3 CF3-CH2-OH 0 - - - 
4 (CF3)2CF-OH 0 - - - 
5 CF3-COOH 0 - - - 
6 Ethyl Ether 0 - - - 
7 Ethylene carbonate 0 - - - 
8 Propylene carbonate 0 - - - 
9 Trifluorotoluene 0 - - - 
10 Perfluorohexane 0 - - - 
11 Hexafluorobenzene 0 - - - 
12 CF3-CH2-CF2-CH3 0 - - - 
13 Acetone 0 - - - 
14 DMF 5 0.003 860 1.46 
15 DMAc 5 0.003 920 1.31 
16 Acetonitrile 6 0.004 8,300 1.62 
17 Dioxane 6 0.004 1,100 1.35 
18 Methylene Chloride 6 0.004 2,750 2.10 
19 Diethyl carbonate 15 0.009 3,600 1.81 
20 1,2-Dichloroethane 16 0.010 3,400 1.91 
21      3-Ethoxyperfluoro(2-methylhexane) 16 0.010 6,300 1.82 
22 Methyl trifluoroacetate 18 0.011 5,600 2.26 
23 Trifluoroacetic anhydride (TFAA) 20 0.013 9,900 1.90 
24 DMSO 22 0.014 6,100 1.68 
25 Ethyl acetate  22 0.014 5,900 1.91 
26 Trimethyl phosphate 24 0.015 9,100 1.70 
27 Dimethyl carbonate 32 0.021 9,200 1.59 
28 Acetic anhydride (AA) b) 35 0.024 7,900 1.72 
a)[VDF]/[(CF3COO)2IPh] = 100/1, t = 18 hours, T = 40 ?C, b) Ligand exchange reaction.  
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Table 5.2b. Solvent Effect in (CH3COO)2IPh Photoinitiated VDF Polymerizations.a) 
Exp. Solvent 
Conv 
(%) 
kpapp 
(h-1) 
Mn PDI 
1      Acetonitrile 0 - - - 
2 Acetic acid 0 - - - 
3 Ethyl acetate 7 0.004 6,200 1.97 
4 Trifluoroacetic anhydride 
(TFAA) b) 
10 0.006 10,000 2.82 
5 Acetic anhydride (AA) 17 0.010 6,800 2.46 
6 Acetone 11   0.012 c) 3,624 1.96 
7 Dimethyl carbonate 35 0.024        14,600 2.09 
a)[VDF]/[(CH3COO)2IPh] = 100/1, time = 18 hours, T = 40 ?C. b)Ligand exchange  
reaction. c)Time = 10h. 
 
 
Table 5.2c. Solvent Effect in DMPI Photoinitiated VDF Polymerizations.a) 
Exp. Solvent 
Conv 
(%) 
kpapp 
(h-1) 
Mn PDI 
1      Acetonitrile 0 - - - 
2 Acetic acid 0 - - - 
3 Trifluoroacetic anhydride 
(TFAA) b) 
19 0.012 6,900 4.06 
4 Dimethyl carbonate 25 0.016 14,500 2.38 
5 Ethyl acetate 29 0.019 3,200 1.96 
6 Acetic anhydride (AA) 41 0.029          8,800 1.97 
a)[VDF]/[DMPI] = 100/1, time = 18 hours, T = 40 ?C. b) Ligand exchange reactions 
 
 
138 
 
5.3.3. NMR Discussion.  Selected examples of the d6-acetone, 1H-NMR and     
19F-NMR proton decoupled spectra of PVDF obtained in polymerizations initiated from 
IFAB, IDAB and DMPI alone as well as in polymerizations with I-(CF2)6-I or I2 additives 
are presented in Figure 5.2, 5.3 and 5.4, while  the chemical shift assignments are 
summarized in Table 5.3.  In all cases, the 1H and 19F spectra are in accordance, and give 
very similar values for functionality.  The assignments were performed as previously 
described.47,50,105,108 In addition to known PVDF 1H- and 19F-NMR resonances, acetone is 
seen at ? = 2.05 ppm and H2O at ? = 2.84 ppm.109  The other sets of signals are associated 
with PVDF initiator, main chain, termination modes, halide chain ends or chain transfer 
agent. The same notation was use in both 1H- and 19F-NMR spectra.  
5.3.3.1. VDF-Free Radical Polymerization from all HVIC Initiators. 
 Figure 5.2a and respectively 5.2b and 5.2c presents the 500 MHz 1H-NMR and 
400 MHz 19F-NMR (acetone-d6) spectra of PVDF initiated from (a) IFAB (b) IDAB and 
(c) DMPI.  
Main Chain PVDF Resonances:  
1H-NMR: Two propagation derived main chain PVDF signals are observed: First, the 
head to tail (HT), -CF2-[CH2-CF2]n-CH2-, broad multiplet a, is seen at ? = 2.8 - 3.1 ppm.  
Next, the head to head (HH) -(CH2-CF2)n-CF2-CH2-CH2-CF2-(CH2-CF2)m- linkage 
(typically HH = 5-10 % in free radical VDF polymerizations) a’ is observed at ? = 2.3 - 
2.4 ppm.  A lower intensity recombination of two HH chains (-CH2-CF2-CF2-CH2-CH2-
CF2-CF2-CH2-) appears at ? ~ 2.5 ppm.  The resonances derived from PVDF termination 
by the recombination110 of terminal HT or HH units partially overlap and cannot be easily 
identified, as follows: HT/HT (-CH2-CF2-CH2-CF2-CF2-CH2-CF2-CH2-, overlap with the 
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HT main chain), HT/HH (-CH2-CF2-CH2-CF2-CH2-CF2-CF2-CH2-, identical to HT 
propagation).  As seen later, such termination is dramatically suppressed in the presence 
of iodine sources, 47,50 and is visualized by the disappearance of the HH peak a’ 42 which 
becomes -CF2-CH2-I (c’ vide infra).50 
19F-NMR: Correspondingly, the main chain PVDF HT -CF2-[CH2-CF2-CH2-CF2]n-CH2- 
unit a is observed at ? = -91.3 ppm.  While the HH units are greatly minimized in VDF-
IDT (vide infra), in FRP internal HH are seen as a series of 3 resonances -CH2-CF2-CH2-
CF2-CF2-CH2-CH2-CF2-CH2-CF2-, -CH2-CF2-CH2-CF2-CF2-CH2-CH2-CF2-CH2-CF2- 
and -CH2-CF2-CH2-CF2-CF2-CH2-CH2-CF2-CH2-CF2-, peaks a’, a’1 and a’2 at ? = -113.5 
ppm,  ? = -115.9 ppm and respectively, ? =  - 95.1 ppm.   
H Transfer Derived Chain Ends in FRP. 
1H-NMR: While dramatically suppressed in IDT, termination may occur by H transfer 
(from the solvent, or the main chain inter or intramolecular) to the HT ~CH2-CF2?, or to a 
smaller extent, to the HH ~CF2-CH2? propagating units to form -CH2-CF2-H (peak d, 
triplet of triplets at ? = 6.3 ppm 3JHH = 4.6 Hz 2JHF = 54.7 Hz; ) and respectively,              
-CF2-CH3 (peak d’, triplet at 1.80 ppm, 3JHF = 19.2 Hz).111   
 19F-NMR: -CH2-CF2-CH2-CF2-H d,?t,?? = -114.7 ppm, 3JHF = 7 Hz; -CH2-CF2-
CH2-CF2-H d1,?m, ? = -92.41 ppm, 3JHF = 6.2 Hz; as well as -CH2-CF2-CF2-CH3 d’ m,?? 
= -107.6 ppm; and -CH2-CF2-CF2-CH3 d’1, m, ? = -114.1 ppm. 
HVIC-Derived Initiator Chain Ends in VDF-FRP:  Due to virtually instantaneous 
decarboxylation of aliphatic carbonyloxy radicals112,113,114,115 no resonances associated 
with potential CX3COO? initiation are observed in either H or F NMR spectra. 
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1H-NMR:  
CH3-: The CH3?-derived initiation50,116 from IDAB or DMPI is seen via the CH3-CH2-
CF2-PVDF signal b’ of the dominant 1,2-addition (t, ? = 1.02 ppm, 3JHH = 7.5Hz) 
whereas the corresponding CH3-CH2-CF2- (m, ? = 1.97 ppm) is masked by the acetone 
peak.  The less favored 2,1-addition, CH3-CF2-CH2-CH2-CF2- (t, ? = 1.55 ppm)117 is not 
observed.   
CF3- (IFAB): The typically regiospecific CF3-CH2-CF2-PVDF addition118,119 stemming 
from IFAB CF3?-initiation is evidenced as b??? = 3.24 ppm, tq, 3JHF = 10.3 Hz, 3JHF = 5.2 
Hz).50  Interestingly, while at 150 ?C, this addition is regioselective on the CH2 side of 
VDF only for CF3? (97/3),102,120 and less selective for CH3? (85/15),102,104  at 40 ?C, 
according to our NMR data it appears that the addition is regioselective for both. 
19F-NMR: 
CH3- (IDAB, DMPI): The methyl initiation is demonstrated by peak b CH3-CH2-CF2-
CH2- ??= -95 ppm, t, 3JHF = 9 Hz.  Conversely, the CH3-CF2-CH2-CH2-CF2- is absent. 
CF3- (IFAB): The CF3-CH2-CF2-CH2- chain end b’ is seen at ??= -61 ppm, t, 3JHF = 9.4 
Hz, whereas the possible CF3-CF2-CH2-CH2- (??~ - 87 ppm) is not observed The 
spectrum of (CF3COO)IPh is also included for comparison and demonstrates that the 
CF3-COO- group of IFAB (? = -73.5 ppm) in not present, i.e. there is no                     
CF3-COO-PVDF initiation. 
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Figure 5.2a. 500 MHz 1H-NMR (acetone-d6) spectra of PVDF initiated from HVICs. (a) IFAB, (b) IDAB and (c) DMPI.  T = 40?C, 
solvent = ACN (IFAB), acetic anhydride (IDAB, DMPI). See Table 5.4, exp. 1, 4, 11.  
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Figure 5.2b. 400 MHz 19F-NMR (acetone-d6) spectra of (a) IFAB (in CDCl3) and PVDF initiated from HVICs: (b) [VDF]/ [IFAB] = 
50/1 (c) [VDF]/[IDAB] = 50/1 and (d) [VDF]/[DMPI] = 150/1.  T = 40?C, see Table 5.4, exp. 1, 4, 11.  Solvent = ACN (IFAB), 
Acetic anhydride (IDAB, DMPI). 
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Figure 5.2c. Expansion of the -90.5 ppm to -95.5 ppm region from Figure 5.2b. 
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Figure 5.2d. Comparison of PhI, CH3I and CF3I as chain transfer agents: 500 MHz 1H-NMR (acetone-d6) spectra of: (a) PVDF 
initiated from IFAB. (b) PVDF initiated from IFAB in the presence of excess PhI, (c) PVDF initiated from IFAB in the presence of 
excess CH3I, (d) PVDF initiated from IFAB in the presence of CF3I obtained in situ from IFAB and I2 (Scheme 5.1, Table 5.1).   
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5.3.3.2. NMR Discussion of I-PVDF-I derived from VDF-IDT with 
HVICs       and I(CF2)6I, Figure 5.3  
 -(CF2)6-: I-(CF2)6-I is an excellent CT agent for IDT50 and this is confirmed by the 
controlled radical polymerization regardless of the HVIC used as initiator (Figure 5.7) 
and by  the presence of the dominant (> 95%) -(CF2)6- vs. -CF3 or -CH3 initiator chain 
ends (Figure 5.13) i.e. by the absence of resonances associated with the CF3-CH2-CF2-
CH2-CF2- (IFAB) and CH3-CH2-CF2-CH2-CF2- (IDAB, DMPI) connectivity, which 
confirm that initiation is primarily from I-(CF2)6-I for all HVICs.  Here, iodine chain ends 
(vide infra) are seen in conjunction with greatly diminished termination and HH units. In 
addition to the main chain PVDF peaks described earlier for Figure 5.2, the initiation 
from I(CF2)6I is demonstrated below: 
1H-NMR: Figure 5.3a. 
 The difunctional connectivity with the main chain is demonstrated by                    
-CF2-CH2-(CF2)6-CH2-CF2- peak b at ? = 3.22 ppm, (quintet, 3JHF = 17.1 Hz).  Again a 
predominantly regiospecific40,121 1,2-connectivity (RF-CH2-CF2-) is observed.  
19F-NMR: Figure 5.3b.  
-(CF2)6-: The RF initiator resonances are seen as PVDF-CF2-CH2-CF2-CF2-CF2-CF2-CF2-
CF2-CH2-CF2-PVDF, PVDF-CF2-CH2-CF2-CF2-CF2-CF2-CF2-CF2-CH2-CF2-PVDF and 
PVDF-CF2-CH2-CF2-CF2-CF2-CF2-CF2-CF2-CH2-CF2-PVDF peaks b1, b2 and b3 at ? =  
-111.7 ppm, ? = -121.2 ppm and ? = -123.1 ppm for I-PVDF-I.  The connectivity of the    
-(CF2)6- initiator with PVDF is demonstrated by the resonance b (m, ? = -91.8 ppm, 3JHF 
= 9.5 Hz), PVDF-CF2-CH2-(CF2)6-CH2-CF2-PVDF associated with the first VDF unit.  
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Iodine Chain Ends:  
1H-NMR: The PVDF-CH2-CF2-I c (? = 3.62 ppm, q, 3JHF = 16 Hz) and                   
PVDF-CF2-CH2-I c’ (? = 3.87 ppm, t, 3JHF = 18.2 Hz), resonances represent the iodide 
chain ends and qualitatively represent the chain transfer ability of the RF-I agent.   The 
ratio of the PVDF-CH2-CF2-I and PVDF-CF2-CH2-I depends on conversion,50 and thus 
the concentration of the more reactive PVDF-CH2-CF2-I decreases while that of the less 
reactive CH2-CF2-CF2-CH2-I chain ends increases with time (Figure 5.14a,b).  However, 
in all cases, a high total iodine chain end functionality (c + c’, f ≥ 0.95, Figure 5.14c) is 
seen in combination with significantly diminished termination by H abstraction and HH 
addition.  
The fact that no such iodine chain ends were observed in HVIC-FRPs (Figure 5.2a-c), or 
upon addition of excess CH3I or PhI to HVIC-FRPs (Figure 5.2d) indicate that the 
cogenerated Ph-I or HOOC-Ph-I as well as CH3I are not iodine chain transfer agents and 
cannot support VDF-IDT.  However, the in-situ generated CF3-I in a good chain transfer 
agent, as demonstrated by the iodine chain ends in Figure 5.2d. 
19F-NMR: The more reactive 1,2-iodide chain ends are seen as -CH2-CF2-CH2-CF2-CH2-
CF2-I and -CH2-CF2-CH2-CF2-CH2-CF2-I, peaks c and c1 at ? = -38.5 ppm and 
respectively ? = -92.5 ppm, as well as a weaker, c2, CH2-CF2-CF2-CH2-CH2-CF2-I, c3,     
-CF2-CH2-CH2-CF2-CH2-CF2-I and c4, -CF2-CH2-CF2-CH2-CH2-CF2-I triplets at          
????-38.65 ppm, -38.96 ppm, -39.30 ppm and    -39.61 ppm, 3JHF ~10 Hz most likely 
associated with penultimate unit effects.  The less reactive 2,1-iodide chain ends are 
observed as -CH2-CF2-CF2-CH2-I and -CH2-CF2-CF2-CH2-I peaks c’ and c’1 at               
? = -108.3 ppm and respectively ? = -112.0 ppm. 
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Figure 5.3a. 500MHz 1H-NMR (acetone-d6) spectra of PVDF initiated from HVICs in the presence of I-(CF2)6-I.   
 [VDF]/[I-(CF2)6-I]/[HVI] = 50/1/0.1 (a) IFAB, (b) IDAB, (c) DMPI. See Table 5.5, exp.1-3. 
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Figure 5.3b. 400-MHz 19F-NMR (acetone-d6) spectra of PVDF initiated from HVIs in the presence of I-(CF2)6-I. 
         [VDF]/[I-(CF2)6-I]/[HVI] = 50/1/0.1 (a) IFAB (b) IDAB and (c) DMPI See Table 5.5, exp.1-3. 
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5.3.3.3. NMR Discussion of PVDF-I derived from VDF-IDT using 
IFAB and I2: Figure 5.4. 
 As explained earlier, the mechanistic pathway involves the rapid consumption of 
I2 to generate CX3COOI, which upon photolysis affords CX3I122,123 faster than CX3? 
photogeneration from HVIs. As such, a polymerization where [VDF]/[I2]/[HVIC] = a/b/c 
is equivalent with [VDF]/[CX3I]/[HVIC] = a/2b/(c-b) for IFAB and IDAB and to 
a/2b/(1.5c-b) for DMPI.  Thus, while the CH3-PVDF is still present, as CH3I is not a 
chain transfer agent (as demonstrated in Figure 5.2d), and no PVDF with iodine chain 
ends are observed for both IDAB and DMPI.  However, the PVDF-I and CF3-PVDF 
chain ends are observed in the case of IFAB. 
 IDAB, DMPI 1H-NMR:  The CH3 PVDF initiation is demonstrated by peak b’,        
CH3-CH2-CF2-PVDF (t, ? = 1.02 ppm, 3JHH = 7.5Hz) for both IDAB and DMPI, as 
described for Figure 5.2a.   In addition, the HH unit a’ is observed at ? = 2.3 - 2.4 ppm.  
As explained above, no iodine chain ends are seen because the photogenerated CH3I is a 
poor CT agent.   
Solvent-derived chain ends: As in the case with poor CT agents and FRPs, chain 
transfer to solvent (DMC) can also be seen as CH3-O-CO-O-CH2-CH2-CF2- as e1 (? = 
4.33 ppm, t, 2H, 3JHH = 6.4 Hz) and respectively e1’ (? = 3.74ppm, s, 3H).  Chain transfer 
to an RS-H solvent occurs by H abstraction leading to the -CH2-CF2-H and -CF2-CH2-H 
chain ends as described above.  This is observed in free radical polymerizations, but is 
significantly depressed in the presence of a good iodine CT agent.50 For most typical    
RS-H solvents, the resulting RS? radicals are not reactive enough to reinitiate VDF and are 
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consumed by dimerization.  As such, the solvent fragment will not be observed in 
NMR.50  By contrast, a more reactive CH3-O-CO-O-CH2-? radical is generated by 
PVDF? H abstraction from DMC. Thus, DMC provides chain transfer with reinitiation, 
and this can be seen as trace signals of CH3-O-CO-O-CH2-CH2-CF2- at ? = 3.74 ppm and 
respectively at ? = 4.33 ppm.  This transfer is observed in either free polymerizations or 
in the presence of weak CT agents (CH3-I), but never with good CT agents such as RF-I 
(CF3-I and     I-(CF2)6-I).  These units are different from the ones obtained earlier via 
termination of PVDF-CH2? with DMC? radicals, in the activation of PVDF-I with excess 
CF3? radicals, Figure 5.6b. 
IFAB: 1H-NMR: The CF3- regiospecific CF3-CH2-CF2-PVDF TFM-addition is again 
evidenced as b??? = 3.24 ppm, tq, 3JHF = 10.3 Hz, 3JHF = 5.2 Hz). However, unlike the 
IDAB and DMPI case, both PVDF-CH2-CF2-I c and PVDF-CF2-CH2-I c’ iodine chain 
end resonances are observed at ? = 3.62 ppm (q, 3JHF = 16 Hz) and respectively ? = 3.87 
ppm (t, 3JHF = 18.2 Hz), and indicate that IDT is indeed in operation.   A spectrum of a 
VDF polymerization initiated from commercial CF3I in the presence of Mn2(CO)10 is also 
shown for comparison, and demonstrates identical chemical shifts of the c, c’ iodine 
chain ends and of the CF3-CH2-CF2-PVDF b unit with the one initiated from IFAB/I2. 
The high functionality (f = 0.85) and absence of transfer to DMC is due to good iodine 
transferability of the CF3I (CT agent) generated in situ.  
 19F-NMR: The CF3-CH2-CF2-CH2- initiator chain end b’ is seen at ??= -61 ppm, 
t, 3JHF = 9.4 Hz, and consistent with the 1H-NMR data, the PVDF-I chain ends are also 
seen as -CH2-CF2-CH2-CF2-CH2-CF2-I and -CH2-CF2-CH2-CF2-CH2-CF2-I, peaks c and 
c1 at ? = -38.5 ppm and respectively ? = -92.5 ppm, as well as a weaker, c2,                
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CH2-CF2-CF2-CH2-CH2-CF2-I, at ????-38.65 ppm, most likely associated with 
penultimate unit effects.  The less reactive 2,1-iodide chain ends are observed as               
-CH2-CF2-CF2-CH2-I and -CH2-CF2-CF2-CH2-I peaks c’ and c’1 at ? = -108.3 ppm and 
respectively ? = -112.0 ppm. 
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Figure 5.4a. 500 MHz 1H-NMR (acetone -d6) spectra of PVDF initiated from HVICs in the presence of I2.  [VDF]/[I2]/[HVI] = 
50/0.25/1 (equivalent to [VDF]/[CX3-I]/[IDAB or IFAB] = 100/1/1.5 and [VDF]/[CH3-I]/[DMPI] = 100/1/2.25); (a) IFAB (b) IDAB 
and (c) DMPI.  (d) VDF/CF3I/Mn2(CO)10 = 50/10/0.15, from ref 50.  
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Figure 5.4b. 400 MHz 19F-NMR (acetone -d6) spectra of same sample from Figure 5.4a above. 
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Table 5.3. PVDF structural assignments of 1H and 19F NMR resonances. Chemical shift values correspond to H, F in red bold italics. 
Signal             Structure 1H-NMR, J (Hz) 19F-NMR 
a -CF2-[CH2-CF2]n-CH2-                                                          m, ? = 2.90 ppm  m, ? =     -91.3 ppm 
a’ -CH2-CF2-CH2-CF2-CF2-CH2-CH2-CF2-CH2-CF2-            m, ? = 2.35 ppm m, ? =   -113.7 ppm 
a’1 -CH2-CF2-CH2-CF2-CF2-CH2-CH2-CF2-CH2-CF2-             m, ? =   -115.9 ppm 
a’2 -CH2-CF2-CH2-CF2-CF2-CH2-CH2-CF2-CH2-CF2-             m, ? =     -95.1 ppm 
a’3 -CH2-CF2-CH2-CF2-CF2-CH2-CH2-CF2-CH2-CF2-             m, ? =     -91.7 ppm 
b *-CF2-CH2-CF2-CF2-CF2-CF2-CF2-CF2-CH2-CF2-* m, ? = 3.22 ppm, 3JHF = 17.1 Hz m, ? =     -91.8 ppm 
b1 *-CF2-CH2-CF2-CF2-CF2-CF2-CF2-CF2-CH2-CF2-*  m, ? =   -111.7 ppm 
b2 *-CF2-CH2-CF2-CF2-CF2-CF2-CF2-CF2-CH2-CF2-*  m, ? =   -121.2 ppm 
b3 *-CF2-CH2-CF2-CF2-CF2-CF2-CF2-CF2-CH2-CF2-*  m, ? =   -123.1 ppm 
b CH3-CH2-CF2-[CH2-CF2]n- m, ? = 1.97 ppm   t, ? =     -95.0 ppm 
b’ CH3-CH2-CF2-[CH2-CF2]n-   t, ? = 1.02 ppm, 3JHH = 7.5Hz  
b CF3-CH2-CF2-[CH2-CF2]n- m, ? = 3.24 ppm, 3JHF  =10.3 Hz, 3JHF = 5.2 Hz  q, ? =     -93.8 ppm 
b’ CF3-CH2-CF2-[CH2-CF2]n-  m, ? =     -61.0 ppm 
c PVDF-CH2-CF2-CH2-CF2-CH2-CF2-I  q, ? = 3.62 ppm, 3JHF = 16 Hz   t, ? =     -38.5 ppm 
c1 PVDF-CH2-CF2-CH2-CF2-CH2-CF2-I   q, ? =     -92.5 ppm 
c2 PVDF-CH2-CF2-CF2-CH2-CH2-CF2-I    t, ? =     -39.6 ppm 
c3 PVDF-CF2-CH2-CH2-CF2-CH2-CF2-I    t, ? =     -38.7 ppm 
c4 PVDF-CF2-CH2-CF2-CH2-CH2-CF2-I    t, ? =     -38.9 ppm 
c’ PVDF-CH2-CF2-CH2-CF2-CF2-CH2-I t, ? = 3.87 ppm, 3JHF = 18.2 Hz m, ? =   -108.3 ppm 
c’1 PVDF-CH2-CF2-CH2-CF2-CF2-CH2-I  m, ? =   -112.0 ppm 
d PVDF-CH2-CF2-CH2-CF2-CH2-CF2-H  tt, ? = 6.3 ppm, 3JHH = 4.6 Hz 2JHF = 54.7 Hz dt, ? =   -114.7 ppm 
d1 PVDF-CH2-CF2-CH2-CF2-CH2-CF2-H  m, ? =     -92.4 ppm 
d2 PVDF-CH2-CF2-CH2-CF2-CH2-CF2-H  m, ? =     -91.5 ppm 
d’ PVDF-CH2-CF2-CH2-CF2-CF2-CH3 t, ? = 1.80 ppm, 3JHF = 19.2 Hz m, ? =   -108.2 ppm 
e, e’, e” PVDF-CH2-CF2-CF2-CH2-CH2-O-CO-O-CH3 s, ? = 3.70 ppm; t, ? = 4.05 ppm, 3JHH = 6.3 Hz; 
t, ??????????3JHH = 7.3 Hz. 
 
e1, e1’ PVDF-CF2-CH2-CF2-CH2-CH2-O-CO-O-CH3 s,  ? = 3.74 ppm; t, ? = 4.26 ppm, 3JHH = 6.6 Hz;   
155 
 
 5.3.3.4. IDAB Telomerization of VDF with Polyhalides, Figure 5.5.  The NMR 
discussion of the IDAB telomerization of VDF in the presence of CCl4, CCl3Br and         
Br-(CF2)6-Br is summarized below. 
CCl4:  The telomerization reaction of VDF with IDAB in the presence of CCl4 showed 
initiation from CCl3? and CH3?. Since polyhalide radicals add regioselectively (on CH2 
side of VDF,37,50), peak  b, CCl3-CH2-CF2-CH2-CF2-, is observed at ? = 3.75 ppm50,124,125 
(t, 3JHF = 14.8 Hz) and b’, CH3-CH2-CF2-CH2-CF2-, is seen at ? = 1.02 ppm,(t 3JHH = 7.4 
Hz).  The reverse addition CCl3-CF2-CH2-CF2-CH2- and normal addition CH3-CH2-CF2-
CH2-CF2, are not observed, probably due to overlap with the main chain and respectively 
acetone peak.   The halide chain end c, -CH2-CF2-Cl is seen at ? = 3.44 ppm50,124 (tt, 3JHF 
= 14.4Hz) in addition to resonances resulting from chain transfer to DMC. i.e.            
CH3-O-CO-O-CH2-CH2-CF2- at ? = 3.74ppm, s, 3H and respectively at ? = 4.33 ppm, t, 
2H.   
CCl3Br:  Correspondingly to CCl4, b, CCl3-CH2-CF2-CH2-CF2-, is seen at ? = 3.75 
ppm50,124,125 (t, 3JHF = 14.8 Hz) and b’, CH3-CH2-CF2-CH2-CF2-, is observed at ? = 1.02 
ppm, (t 3JHH = 7.4 Hz). Also detectable are three types of halide chain end; cCl, -CH2-CF2-
Cl, seen at ? = 3.44 ppm (tt, 3JHF = 14.4Hz), cBr, CH2-CF2-Br observed at ? = 3.56 
ppm50,124,126,127 (tt, 3JHF = 15.2Hz) and cBr’, -CF2-CH2-Br seen at ? = 3.94 ppm (t, 3JHF = 
14.4 Hz).50,124   
Br-CF2-CF2-CF2-CF2-CF2-CF2-Br: The first VDF unit b, -CF2-CH2-(CF2)6-CH2-CF2- is 
seen at ? = 3.23 ppm (q, 3JHF = 16.9 Hz) and b’, CH3-CH2-CF2-CH2-CF2-, seen at ? = 
1.02 ppm,(t 3JHH = 7.4 Hz). The halide chain ends cBr, -CF2-CH2-CF2-Br is again 
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observed at ? = 3.56 ppm (q, 3JHF = 15 Hz) as well as cBr’, -CF2-CH2-Br seen at ? = 3.94 
ppm (t, 3JHF = 14.4 Hz). 
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 Figure 5.5. 500MHz 1H-NMR (acetone -d6) spectra of IDAB telomerization of VDF in the presence of (a) Br-(CF2)6-Br 
(b) CCl3Br and (c) CCl4. [VDF]/[CT Agent]/[IDAB] = 50/1/0.25.  * Transfer to DMC. 
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 5.3.3.4. NMR Discussion of the PVDF-I activation by HVICs in the 
    dark or visible light, Figure 5.6a,b. 
 Figure 5.6a-Dark. In the dark, at 40 ºC, all HVICs are thermally stable and no 
radicals are generated. While a potential ionic dissociation which could acetoxylate alkyl 
iodides, this however, is not the case for perfluoroalkyl iodides such as I-(CF2)6-I and the 
semifluorinated PVDF-CH2-I and PVDF-CF2-I chain ends.  The fact that both iodine 
chain ends c and c’ are unaffected, indicate that there is no reaction of PVDF-I with 
HVICs in control experiments in the dark at 40 ?C, in DMC (see Figure 5.6a and Table 
5.1, exp. 10, 11).   
 Figure 5.6b-Light. Upon irradiation, CH3? and CF3? radicals are generated from 
IDAB or DMPI and respectively from IFAB (See Figure 5.6b and Table 5.1, exp. 12, 13).  
However, CF3? are much more reactive iodide or hydride abstractors than CH3?.128  Thus, 
even while using 3/1 excess IDAB vs. PVDF-I, CH3? activate < 50 % of the weaker 
PVDF-CF2-I chain ends, and none of the stronger PVDF-CH2-I ones.  By contrast, CF3? 
not only completely activates PVDF-CF2-I and at least >50 % of PVDF-CH2-I, but also 
effects H abstraction from the dimethyl carbonate (CH3-O-CO-O-CH3) solvent to 
generate CH3-O-CO-O-CH2? which then could couple with PVDF-CH2? or PVDF-CF2? 
radicals to provide PVDF-CH2-CF2-CH2-CF2-CH2-O-CO-O-CH3 and respectively PVDF-
CH2-CF2-CF2-CH2-CH2-O-CO-O-CH3. However, as the weaker PVDF-CF2-I is activated 
first, the PVDF-CF2? radicals simply dimerize to PVDF-CF2-CF2-PVDF and           
PVDF-CH2-CF2-CH2-CF2-CH2-O-CO-O-CH3 is not observed.  By contrast, the stronger 
PVDF-CH2-I is later activated at the same time as H-CH2-O-CO-O-CH3 and the resulting 
radicals couple to provide the observed PVDF-CH2-CF2-CF2-CH2-CH2-O-CO-O-CH3 
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seen as ~CH2-CH2-O-CO-O-CH3 e, s, ? = 3.70 ppm; ~CH2-CH2-O-CO-O-CH3 e’, t, ? = 
4.05 ppm, 3JHH = 6.3 Hz; ~CH2-CH2-O-CO-O-CH3 e”, t, ??????????3JHH = 7.3 Hz.  
Interestingly, these radical-radical couplings are is much faster than H abstraction from 
the solvent by PVDF-CH2? and PVDF-CF2? radicals which would have generated the 
PVDF-CH3 and PVDF-CF2H chain ends which are not observed.  These resonances are 
different than those which would result from DMC chain transfer (i.e. VDF initiation, 
Fig. 5.4a).  Thus termination provides -CH2-CF2-CH2-CF2-CH2-O-CO-O-CH3 and           
-CH2-CF2-CF2-CH2-CH2-O-CO-O-CH3, whereas initiation generates -CF2-CH2-CF2-CH2-
CH2-O-CO-O-CH3 and -CF2-CH2-CH2-CF2-CH2-O-CO-O-CH3. 
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Figure 5.6a. 500 MHz 1H-NMR (acetone-d6) spectra of (a) PVDF-I, (b) PVDF-I + IFAB, and (c) PVDF-I + IDAB.  The fact that both 
iodine chain ends c and c’ are unaffected, indicate that there is no dark reaction (acetoxylation) of PVDF-I with HVICs in control 
experiments in the dark at 40 ºC, in DMC (see Table 5.1, exp. 10, 11).   
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Figure 5.6b. 500 MHz 1H-NMR (acetone-d6) spectra of PVDF-I activation by CH3? and CF3? derived from the photodecomposition 
of IDAB and IFAB: (a) PVDF-I starting material (b) PVDF-I + IFAB and (c) PVDF-I + IDAB. See Table 5.1, exp. 12, 13.  These 
control experiments demonstrate that excess CF3? can activate both PVDF-CH2-I (~ 50 %) and PVDF-CF2I (completely), whereas 
under similar conditions, CH3? barely activates < 50 % of PVDF-CF2-I.  
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 5.3.4. Kinetics of Free Radical Photopolymerizations with the 3 HVIs. 
 Conceivably, transient divalent iodanyl (9-I-2)129 radicals (e.g. R-I?-Ph or RI?       
(-Ph-COO-), R = CX3-, CX3COO-, PVDF-) may88 reversibly trap the growing chain.  
However, potential PVDF-I(Ph)-PVDF or AcO-(Ph)I-PVDF HVI derivatives are 
unstable, and unlikely65 to survive photolysis.   Conversely, the in situ generated PhI is a 
negligible CT agent.  Thus, upon kinetic investigations at various VDF/HVI ratios, as 
expected, only a typical FRP independence of Mn on conversion was observed (Figure 
5.7), for all HVIs in DMC or in the appropriate anhydride ligand exchange solvent, (i.e. 
AA for IDAB and DMPI and TFAA for IFAB) where for the same [VDF]/[CX3COO] 
ratio, all HVIs provided similar initiator efficiencies, indicating that all acetate groups are 
released simultaneously, and that IDAB and IFAB are difunctional and DMPI 
trifunctional initiators. 
 
Table 5.4. Selected examples of HVIC Photoinitiated VDF-FRP at T = 40 ?C. 
Exp. 
 
[VDF]/[
HVIC] 
 
HVIC Solvent 
 
Time 
(Hrs) 
Conv 
(%) 
kpapp 
(h-1) Mn PDI IE  
1      50/1 IFAB ACN 71 12 0.002 4,600 1.79 0.35  
2     50/1 IFAB DMC 16 42 0.034 3,800 2.89 0.42  
3 50/1  IDAB ACN 71 19 0.003 5,500 1.84 0.29  
4 50/1  IDAB AA 39 35 0.011 3,800 2.43 0.42  
5 50/1  DMPI DMC 39 39 0.013 2,600 2.85 0.41  
6 100/1 IFAB TFAA 15 20 0.015 7,300 2.16 0.44  
7 100/1 IFAB DMC 6 28 0.055  11,800 1.91 0.27  
8 100/1 IDAB AA 38 41 0.014 5,100 2.53 0.63  
9 100/1 IDAB DMC 28 31 0.013 12,500 1.94 0.26  
10 100/1 DMPI DMC 28 40 0.018 10,400 2.00 0.21  
11 150/1  DMPI AA 69 54 0.011 6,200 2.03 0.52  
12 200/1 IFAB DMC 13 41 0.041 10,800 2.19 0.59  
13 200/1 DMPI DMC 19 10 0.006 16,400 1.93 0.26  
14 500/1 IFAB DMC 44 38 0.011 18,000 1.87 0.89  
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Figure 5.7. HVIC Photomediated VDF-FRP:  (a) Dependence of Mn, PDI on conversion and (b) kinetics.  
[VDF]/[IFAB]   = 100/1 ?, 100/1 ? (in TFAA), 200/1 ?, 500/1 ? 
[VDF]/[IDAB]  = 100/1 ?, 100/1 ? (in AA) 
[VDF]/[DMPI] =  50/1  ?, 100/1 ?, 150/1 ? (in AA) 200/1, ?. All polymerizations in DMC except otherwise noted. 
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5.3.5. VDF-CRP with iodine sources:  
 Subsequently, we wondered whether polymerizations could be controlled by IDT, 
using HVIs as radical initiators.  Curiously, although high temperature VDF 
telomerizations38, with CH3I or CH2I2 exist,37 ever since their inception over 30 years 
ago,35 VDF-IDT polymerizations were solely performed with expensive perfluorinated 
RF-I type CT agents.35,37-43,50  Thus, while I2 (and RHI derivatives) were used36,37 in the 
IDT of vinyl chloride,130 vinyl acetate,131 acrylates132-134 and styrene,132, 135 to the best of 
our knowledge, they were never reported for the IDT-CRP of VDF or any other FMs.  As 
such, we suggest that as “protected” peroxides, HVIs can be used as photo or thermal 
radical initiators in the presence of either fluorinated iodine CT agents (I-RF-I), or of I2, to 
enable VDF-IDT-CRP32,50 via two distinct mechanistic pathways as detailed in Scheme 
5.1.  
 However, while this approach is straightforward in polymerizations with 
conventional monomers and free radical initiators (e.g. peroxides), competing possible 
reactions of HVIs with I2 or RF-I [R-I, or MtIn,] involving transient formation of 
CX3COOI, (X = H, F) should be considered.  
 Thus, under non photolytic conditions, CX3COOI results from CH3COOOH/I2,136-
139 CH3COOOH/Ralkyl-I,140,141 Hg(OAc)2/I2,142 AgOAc/I2,143-150 AgOPr/I2, 
CF3COOAg/I2,148,151-154 or (CF3COO)2Hg/I2.148  Likewise, fast, rt dark reactions of 
IDAB/I2,73a-c,77a-c,155-158 IFAB/I2,73c,77b,158,159,160 (RCOO)2IPh/I2161 or IDAB/R4PhI162 
(IDAB/R4NBr163) also lead to CX3COOI and PhI formation.164,165 
 As such, CH3COOI was employed in electrophilic aromatic 
iodinations,136,137,141,142,148,155 iodoacetoxylations of double164 (cyclohexene,140 
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propene,138,157 cyclic alkenes,144,146,150,162  butadiene145)  and triple139  bonds, and alcohol 
oxidations.146,147,156  Similarly, CF3COOI adds to alkenes154 and is a much stronger 
electrophilic iodination reagent122,148,152,158-160 which, by contrast with CH3COOI148,153 
iodinates the even parent PhI.159,165  Conversely, CX3COOI from PhI(OCOCX3)2/RI161,166 
or CH3COOOH/RI141 can oxidize RI to the corresponding CX3COOR ester and I2. 
 RAlk,ArCH2COOI species are stable in the dark from 0 ◦C to at least 32 ◦C,123 and 
CF3COOI thermolyzes at ~100 ?C to CF3I and CO2.151,153  However, the weak HVI O-I 
bond (BDE = 34.4 kcal/mol, X = H; 38.6 kcal/mol, X = F), is prone to homolysis, and, 
with a strong COOI chromophore absorption (450 nm into UV), it renders such 
hypoiodides photolytically unstable, even under visible light.  
 Consequently, RCOOX intermediates have found extensive use in 
photohalodecarboxylative Hunsdieker-like or halogenation reactions with HVIs or with 
their derivatives obtained by ligand exchange with carboxylic acids, in the presence of a 
halogen source (Br2,167 I2,74-76 R-I,161,166,168  RSe-SeR,169 Et4NBr,170 NIS,78b,171 AlCl3, 
BCl3,165 LiX, KX, NaX, Bu4NX,172-175  etc.).  As most reactions are carried out with X = I 
at reflux under irradiation,75 NMR,78,164 kinetic, and ESR79 investigations have shown 
RCOO-I photolysis to be a two-step process, where the rate determining O-I homolysis is 
independent of R, and where subsequent fast decarboxylation (k??????
???
 ~ 109 s-1, k??????
??
  
~ 104 s-1)68,76,98,99 provides Ralk? which is intercepted by iodine to provide RalkI75 directly 
in the solvent cage, whereas the more stable RArCOO? can be trapped again as 
RArCOOI176 or cyclize in aromatic lactonizations.76 The polymerization is supported by a 
continuous influx of radicals from the slow decomposition of HVI, which compensates 
for the radicals lost via bimolecular termination. 
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   5.3.5.1. RFI-Mediated VDF-IDT.  While HVIC acetoxylation of 
RalkI166,168 may occur in the dark, UV photolysis of IDAB/RalkI proceeds with iodide 
abstraction and Ralk? generation,72,166,168 not esterification.  Accordingly, control 
experiments confirm VDF-IDT-CRP (Scheme 5.1), the PVDF-I iodine chain ends (Fig. 
5.3a,b), and the lack of RFI or PVDF-I acetoxylation (Table 5.1, Fig. 5.6a) which would 
otherwise (Scheme 5.1 eq. 3) consume all HVIC and prevent IDT.  Therefore, CX3? 
photo-generation (eqs. 1,1’) is much faster than potential esterification,168 and RF-Is act 
solely as iodine CTAs.37  Accordingly, 1H and 19F-NMR kinetic investigations of 
polymerizations using [VDF]/[I(CF2)6I]/[HVIC] = 200/1/{0.25; 0.5; 1} and 50/1/0.1 
(HVIC =  IDAB, IFAB, DMPI, Fig. 5.3a,b, 5.13) reveal that, irrespective of conversion, 
and consistent with the IDT mechanism,36 only a negligible portion (< 5 %) of the CX3? 
radicals add directly to VDF, and that > 95 % of the chains are initiated by RF? (eq. 2a).  
Thus, the vast majority of CX3? serves only to abstract iodine from RF-I, generating RF?, 
and respectively, CF3-I, an excellent IDT mediator,32,36 or CH3I, a negligible CTA (Fig, 
5.1, eq. 4a, 4b and Fig. 5.2d).  Conversely, control experiments (Scheme 5.1, eqs. 4e, 4f, 
Table 5.1, Fig. 5.5b), indicate that excess of CH3? abstracts < 50 % of the iodine on 
PVDF-CF2-I, but none from PVDF-CH2-I, whereas the more reactive CF3?177 affords 
complete, and respectively > 50 % activation of PVDF-CF2-I and PVDF-CH2-I.  Thus, as 
is the case for the I2/IFAB later, the RFI/HVIC IDT-CRP is supported by a continuous 
influx of CX3? from the slow97 HVIC photodecomposition, which, by activating mostly 
PVDF-CH2-CF2-I (Scheme 5.1, eqs. 4e, 4f), or by addition to VDF, compensates for 
radicals lost to bimolecular termination or solvent chain transfer (Scheme 5.1, eq. 8 a,b), 
and help maintain a steady state radical concentration. 
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 As such, I-(CF2)6-I is swiftly consumed32,36 into the formation of macromolecular 
I-PVDF-I CTAs (eq 4c).  At this point, the thermodynamically neutral (K ???????? = 1), 
reversible iodine exchange between equally reactive, dormant and propagating Pm-CH2-
CF2-I and Pn-CH2-CF2? 1,2-units (eq. 7a) is in operation, and enables IDT-CRP.32,36  
However, VDF-IDT generates two halide chain ends, Pn-CH2-CF2-I and Pm-CF2-CH2-I 
with vastly different reactivity.50  Thus, due to the stronger -CH2-I bond, the cross-IDT of 
the 1,2- and 2,1- units (Scheme 5.1, eq. 7b) is shifted towards irreversible accumulation 
of unreactive 2,1 Pn-CF2-CH2-I chain ends (Fig. 5.14), the IDT of which (eq. 7c) is 
kinetically irrelevant.50  These features are also unavoidable in conventional,32,36 or 
Mn2(CO)10-mediated VDF-IDT,50 and contribute to PDI broadening.    
Nonetheless, eqs. 7a,b do support IDT-CRP32,36(Scheme. 5.1, Fig. 5.8, 5.9, Table 
5.5) as demonstrated by the linear dependence of Mn on conversion and reasonable 
polydispersity values (PDI ~ 1.5).  As expected, almost identical Mn profiles, indicating 
RFI mediated IDT, are obtained at constant [VDF]/[I(CF2)6I] = 200/1 or 50/1 ratios, 
regardless of the HVIC type (IFAB, IDAB, DMPI) or amount (0.1; 0.25; 0.5; 1, Fig. 5.7).  
Conversely, Mn scales only with the [VDF]/[I(CF2)6I] ratio (e.g. 50, 200, 500, 1000, 
2500, Fig. 5.9), not the [VDF]/[HVIC] ratio, as in FRP.  Interestingly, the more 
efficient72,166 IFAB consistently provides at least seven times faster polymerizations than 
IDAB and DMPI (Fig. 5.8b).  
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Table 5.5. Selected Kinetic data of HVIC Photomediated CRP of VDF with I-(CF2)6-I. 
Exp. HVIC 
[VDF]/ 
[I(CF2)6I]/ 
[HVIC] 
 
Time 
(h) 
 
Conv 
(%) 
kpapp 
(h-1) Mn PDI IE 
1 IFAB 50/1/0.1  24 35 0.018 1,100 1.30 1.02 
2 IDAB 50/1/0.1  24 31 0.015 1,000 1.32 0.99 
3 DMPI 50/1/0.1  65 30 0.006 800 1.39 1.20 
4 IFAB 50/1/0.25  7 50 0.071 1,300 1.33 1.23 
5 IFAB 200/1/0.25  16 46 0.042 7,400 1.49 0.80 
6 IDAB 200/1/0.25  65 20 0.003 2,100 1.41 1.22 
7 DMPI 200/1/0.25  88 37 0.005 5,200 1.37 0.91 
8 IFAB 200/1/0.5  6 36 0.048 5,700 1.56 0.81 
9 IDAB 200/1/0.5  40 27 0.008 2,800 1.39 1.23 
10 DMPI 200/1/0.5  87 40 0.006 4,400 1.41 1.16 
11 IFAB 200/1/1  13 40 0.041 5,300 1.54 0.97 
12 IDAB 200/1/1  65 33 0.006 5,200 1.48 0.81 
13 DMPI 200/1/1  66 42 0.008 5,800 1.43 0.93 
14 IFAB 500/1/0.25  18 18 0.015 7,000 1.37 0.82 
15 IFAB 500/1/1  13 33 0.032 8,500 1.57 1.24 
16 IFAB 1,000/1/1  24 26 0.013 12,500 1.66 1.33 
17 IFAB 2,500/1/1 42 25 0.007 20,600 1.53 1.94 
Reactions were carried out in DMC, T = 40 ?C. 
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Figure 5.8.  Effect of initiator nature and amount on the dependence of molecular wt and PDI on conversion (a) and polymerization 
kinetics (b): [VDF]/[I(CF2)6I]/[IFAB; IDAB; DMPI] = 200/1/0.25 (?), 200/1/0.5 (?) and 200/1/1 (?).  
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Figure 5.9. Dependence of Mn and Mw/Mn on conversion and the corresponding kinetics.  
DP Effect: [VDF]/[I(CF2)6I]/[IFAB] = 50/1/0.25 ( ); 200/1/0.25 (?), 500/1/0.25 ( ), 500/1/1 (?); 1,000/1/1 (?);  2,500/1/1 (?) 
Effect of initiator nature and amount: [VDF]/[I(CF2)6I]/[HVIC] = 200/1/[HVIC]: IFAB =  0.25 (? ), 0.5 (?), 1(?); IDAB = 0.25 (?), 
0.5 (?), 1(?); DMPI = 0.25 (?), 0.5 (?), 1 (?).  [VDF]/[I(CF2)6I]/[HVIC] = 50/1/0.1, IFAB (?), IDAB (?), DMPI (?).  
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5.3.5.2. I2-Mediated VDF-IDT via in-situ CF3I generation.  While the 
above method affords VDF-CRP, the chain end trifluoromethylation is minimal.  
However, if instead of I(CF2)6I, CF3I were the CTA, all chains would be 
trifluoromethylated under IFAB initiation.  We hence wondered if HVIC/I2 could 
inexpensively be used for in situ CF3I and CH3I generation (Scheme 5.1).  As such, while 
I2 does not initiate VDF,37,50 it traps radicals at diffusion controlled rates,178 and, by 
intercepting CX3? or PVDF?179 into   CX3-I or PVDF-I CTAs, could support IDT from 
all initiators.  
  Indeed, using e.g. [VDF]/[I2]/[HVIC] = 50/0.25/1, the CF3- and respectively CH3- 
initiations are now again clearly available (Fig. 5.4).  However, only FRPs (Fig. 5.11) and 
PVDF with no iodine chain ends (Fig. 5.4) were observed for IDAB and DMPI.  By 
contrast, IFAB affords IDT-CRP (Fig. 5.11, 5.12), PVDF-I (Fig. 5.4) and a three times 
faster polymerization, without any induction time (Fig. 5.11).  This indicates that all I2 is 
rapidly depleted in a fast reaction with HVIC65 (Scheme 1, eq. 5,5’), where the resulting 
CX3COOI is subsequently consumed by photo-69-80 and CX3?-induced decarboxylation to 
CX3I (eqs. 4d,6).  Thus, CX3I forms faster, and accumulates, before CX3? slowly97 
photoreleased from the remaining HVIC, starts initiating VDF.  Alternatively, if CX3I 
were slowly generated by I2 trapping of CX3COO? or CX3? following the rate-
determining slow97 HVIC photolysis, polymerization would only proceed after a long 
induction time, corresponding to complete I2 consumption, which is not observed.  This 
mechanism is also consistent with the reaction color sequence (Fig. 5.10), where the 
initial violet I2 quickly (< 5 min) dissipates, being temporarily replaced by the dark 
orange CX3COOI, which fades (1-2 h) into a colorless polymerization.  As such, the 
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above HVIC/I2 photolysis also represents the cheapest method of in situ CF3I and CH3I 
generation.   
 Comparative experiments however, showed that under similar condition I2 and 
CHI3 displayed similar features in rate and molecular weight (Figure 5.11b). 
 
 
Figure 5.10. Experimental setup and close-up of the low pressure VDF-CRP 
photopolymerizations at 40 ◦C in glass tubes and an example of the evolution of the 
polymerization color with time: (a) initial dark violet I2 color following defrosting (t = 0-
5 min). (b) the emergence of CF3COOI dark orange color; (c) complete disappearance of 
CF3COOI (30 min - 2h) and beginning of the polymerization; (d) the polymerization at 
later stages. VDF/I2/IFAB = 50/0.25/1 (i.e. VDF/CF3I/IFAB = 100/1/1.5).  
 
 
 
(a) (b) (c) (d)
(a) (b) (c) (d)
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 Thus, as I2 merely serves to provide CX3I in situ, polymerizations where 
[VDF]/[I2]/[HVIC] = a/b/c are equivalent with polymerizations where 
[VDF]/[CX3I]/[HVIC] = a/2b/(c-b) for IDAB or IFAB, and respectively, with a/2b/(1.5c-
b) for DMPI.  Understandably, as all I2 is consumed into the IDT-incapable CH3I32,37,50 
before PVDF? is generated, IDAB and DMPI only provide FRPs.  By contrast, IFAB 
affords CRP-IDT just like in the VDF/RFI/HVIC case above, but where RFI = CF3I.    
However, now IFAB uniquely serves as both initiator and CTA precursor, and unlike the 
I(CF2)6I example, all initiator chain ends are IFAB-derived, and thus trifluoromethylated 
(Fig 5.4). 
The controlled IDT-CRP character is again exemplified by the linear dependence 
of Mn on conversion (Fig. 5.12), where the slightly higher PDI ~ 1.8 vs. I(CF2)6I 
experiments is primary due to mono vs. difunctional CTA effects.35,50  The proposed       
I2 ? 2CF3I equivalence, and IDT mechanism are supported, irrespective of IFAB ratio, 
by the same Mn profile at constant [VDF]/[I2] levels (i.e. [VDF]/[I2]/[IFAB] = 
250/0.25/{0.5; 0.75; 1} ? [VDF]/[“CF3I”]/[IFAB] = 500/1/{0.5; 1; 1.5}), and by the 
scaling of Mn only with the [VDF]/[I2] ratio, not the [VDF]/[IFAB] ratio  (i.e. 
[VDF]/[I2]/[IFAB] = {50; 100; 250; 500}/0.25/1 ? [VDF]/[“CF3I”]/[IFAB] =  {100; 
200; 500; 1000}/1/1.5).  Moreover, as additional confirmation of the above analogy, very 
similar Mn profiles are indeed observed (Fig. 5.13) in a series of comparisons which 
satisfy [VDF]/[“CF3I”]/[IFAB] = [VDF]/[RFI]/[IFAB, IDAB, DMPI] using I(CF2)6I or 
CF3(CF2)3-I as models for gaseous CF3I.  
 
  
 
174 
 
 
Table 5.6. Selected kinetics data of HVIC Photomediated CRP of VDF with I2 40 ?C , DMC. 
Exp 
HVIC 
 
[VDF]/[I2]/  
[HVIC] 
[VDF]/ 
[“CX3I”]/ 
[HVIC] 
Time 
(h) 
Conv 
(%) 
kpapp 
(h-1) 
Mn PDI IE 
1     IFAB 50/0.5/1 50/1/0.5 41 35 0.010 1,100 1.63 1.02 
2 IFAB 50/0.25/1 100/1/1.5 27 51 0.023 2,200 1.80 1.48 
3 IDAB 50/0.25/1 100/1/1.5 65 46 0.009 3,700 2.54 0.80 
4 DMPI 50/0.25/1 100/1/2.25 48 36 0.009 5,500 2.88 0.42 
5 IFAB 100/0.25/1 200/1/1.5  23 35 0.016 4,200 1.83 1.07 
6 IFAB 250/0.25/0.5 500/1/0.5 42 22 0.006 4,400 1.90 1.60 
7 IFAB 250/0.25/0.75 500/1/1 40 29 0.008 6,700 1.86 1.34 
8 IFAB 250/0.25/1 500/1/1.5  26 35 0.015 8,600 1.75 1.30 
9 IFAB 500/0.25/1 1,000/1/1.5 23 28 0.014 15,500 1.69 1.16 
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Figure 5.11a. Dependence of Mn, Mw/Mn on conversion and kinetics: [VDF]/[I2]/[HVIC] = 50/0.25/1, IFAB (?), IDAB (?) and 
DMPI (?). For IFAB, this is equivalent with [VDF]/[“CF3I”]/[IFAB] = 100/1/1.5. 
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Figure 5.11b. Comparison of the dependence of Mn, Mw/Mn on conversion and kinetics of polymerizations using CHI3 and I2: 
[VDF]/[“CF3I”]/[IFAB] (i.e. [VDF]/[I2]/[IFAB]): 100/1/1.5 (?, 50/0.25/1), 200/1/1.5 (?,100/0.25/1), and [VDF]/[CHI3]/[IFAB]): 
100/1/1.5 (?, 50/0.25/1), 200/1/1.5 (?,100/0.25/1).   
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Figure 5.12. Dependence of Mn and Mw/Mn on conversion and corresponding kinetics (b): [VDF]/[“CF3I”]/[IFAB] (i.e. 
[VDF]/[I2]/[IFAB]): 50/1/0.5 (?, 50/0.5/1), 100/1/1.5 (?, 50/0.25/1), 200/1/1.5 (?, 100/0.25/1), 500/1/0.5 (?, 250/0.25/0.5), 500/1/1 
(?, 250/0.25/0.75), 500/1/1.5 (?, 250/0.25/1) and 1,000/1/1.5 (?, 500/0.25/1).  
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Figure 5.13. Comparison of the dependence of Mn, Mw/Mn on conversion and kinetics of polymerizations using I(CF2)6I and I2:  
[VDF]/[I2]/    
[IFAB] 
? [VDF]/[“CF3I”]/ 
[IFAB] 
? [VDF]/[ I(CF2)6I]/ 
[IFAB] 
50/0.50/1 ? 50/1/0.5     (?) ? 50/1/0.25  (?) 
100/0.25/1 ? 200/1/1.5   (?) ? 200/1/0.25  (?)a) 
250/0.25/0.5 ? 500/1/0.5   (?) ? 500/1/1      (?) 
250/0.25/0.75 ? 500/1/1.0    (?) ? 500/1/1      (?) 
250/0.25/1 ? 500/1/1.5    (?) ? 500/1/1      (?) 
500/0.25/1 ? 1,000/1/1.5  (?) ? 1,000/1/1   (?) 
          a) CF3-(CF2)3-I used instead of I(CF2)6I, all other data from Figure 5.8. 
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 5.3.6. Chain End Functionality, HH Content and % -(CF2)6- vs. CX3- 
  Initiation NMR Calculations. 
Comparative integrations of the a, a’ b, b’ c, c’, d and d’ resonances allow the calculation 
of the iodide and H chain end functionality, % HH units, as well as of -(CF2)6- vs. CX3- 
initiation, as outlined below and reported in Figures 5.14 and 5.15.  
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 Accordingly, 1H and 19F-NMR kinetic investigations on the dependence of the 
nature of the chain ends on conversion using [VDF]/[I(CF2)6I]/[HVI] = 200/1/[0.25; 0.5; 
1] (HVI =  IDAB or IFAB or DMPI, Figure 5.14) revealed that irrespective of conversion 
and, consistent with the IDT mechanism,35-37,41,42,50 only a negligible portion (< 5 %) of 
CX3? radicals add directly to VDF, and that > 95 % of the chains are initiated with RF, 
even at high HVI levels (e.g. [RFI]/[HVI] = 1/1).  In addition, while CH3 initiation is 
undetectable, 1-3 % CF3 chain ends are still observed even at low HVI levels (0.25 and 
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0.5).  This is simply because, as seen in control experiments (Table 5.1, Fig 5.2d), 
similarly to Ph-I, and by contrast to CF3-I,50 CT to CH3-I is negligible37,50 in VDF-IDT. 
This is simply because the IDAB or DMPI generated CH3I is, similarly to PVDF-CF2-
CH2-I,50 negligible as a PVDF? CT agent at T < 100 ?C,37,38,50,104  and thus explains the 
lack of PVDF-I chain ends in VDF/I2/IDAB;DMPI reactions. 
In addition, the HH defects are strongly suppressed, especially at low HVI levels, 
being intercepted as the unreactive, Pm-CF2-CH2-I.50  However, while the concentration 
of Pm-CH2-CF2-I decreases, and that of Pm-CF2-CH2-I increases with conversion,50 their 
sum, the total iodine chain end functionality, remains > 90 % (Fig. 5.15), an acceptable 
value for subsequent Mn2(CO)10 mediated synthesis of PVDF block copolymers.50
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Figure 5.14. The dependence of the -CH3 (IDAB = ?, DMPI = ?), -CF3 (IFAB = ?), -(CF2)6- (IDAB = ?, IFAB = ?, DMPI = ?)          
initiator fragments, and of the % HH units (IFAB = ?, IDAB = ?, DMPI = ?) on conversion and HVIC ratio. 
       [VDF]/[I(CF2)6I]/[HVIC] = 200/1/0.25, 200/1/0.5, 200/1/1.  
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Figure 5.15. Dependence of % -CF2-CH2-I (a), CH2-CF2-I (b) and total -CH2-CF2-I + -
CF2-CH2-I, iodide functionality (c) on conversion:  [VDF]/[I(CF2)6I]/[IFAB; IDAB; 
DMPI] = 200/1/0.25 (?), 200/1/0.5 (?) and 200/1/1 (?).  Note that the total 
functionality remains > 90 %, suitable for block copolymer synthesis. 
 
5.3.7 Comparative experiments.  Comparative experiments of Mn2(CO)10- , 
Bu6Sn2-, and IFAB-photomediated VDF-CRP-IDT was carried out using I-(CF2)6-I as a 
CT agent and is presented in Figure 5.16, 5.17.  Under similar condition (i.e. [VDF]/[I-
(CF2)6-I]/[Cat] = 50/1/0.1), they all afforded controlled polymerization of VDF.  
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However, while similar but higher initiator efficiency was obtained in IFAB and 
Bu6Sn2 experiments, Mn2(CO)10 reactions display a lower IE.  Conversely, 
polymerization rate was slowest in IFAB and fastest in Bu6Sn2 experiments (Figure 5.16).  
A much lower polymerization rate obtained in IFAB reaction in comparison to the metal-
mediated ones is indicative of slow generation of CF3? from IFAB. 
While total iodide functionality > 90 % was obtained in all experiments (Figure 
5.17), IFAB and Bu6Sn2, however revealed higher percentage of the reactive ~CH2-CF2-I 
chain end. 
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Figure 5.16. Comparison of Mn2(CO)10-, Bu2Sn2 and IFAB-Photomediated VDF-CRP-
IDT using I-(CF2)6-I.  (a) Dependence of Mn and PDI on conversion and (b) Kinetics, 
using visible white light. [VDF]/[I-(CF2)6-I]/[Cat] = 50/1/0.1. Mn2(CO)10 (?), Bu6Sn2 
(?), and IFAB (?) T=40°C, Solvent = DMC. 
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Figure 5.17. Dependence of halide chain end functionality on conversion in the 
comparative experiments of Mn2(CO)10-, Bu6Sn2-, and IFAB-photomediated VDF-CRP-
IDT. [VDF]/[I-(CF2)6-I]/[Cat] = 50/1/0.1. Mn2(CO)10 (?), Bu6Sn2 (?), IFAB (?) Filled 
symbols = total functionality, top filled = ~CH2-CF2-I, bottom filled = ~CF2-CH2-I. 
 
5.4. Conclusion 
 By contrast to their classic use as oxidants, the metal-free, visible light, radical 
photodecarboxylation of (RCOO)2IIIIPh and (RCOO)3IV(PhCOO) -type HVICs, enables 
their use as stable and convenient, protected synthetic equivalents of their corresponding 
and otherwise inaccessible and hazardous, peroxide or azo R derivatives.  Moreover, the 
inexpensive CX3COOH (X = F, H) feed stock, qualifies the introduction of commercially 
available IFAB, IDAB and DMPI as the least expensive and most convenient CF3?/CF3I 
and CH3?/CH3I precursors for radical alkene or arene (trifluoro)(iodo)methylations.   
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 The practicality of these HVICs was illustrated with the first examples of their use 
as photoinitiators for the CF3?- and respectively, CH3?-promoted, metal free, “green” 
VDF-CRPs, which by contrast to typical high temperature, high pressure metal reactor 
requirements, were carried out under very mild conditions (40 ?C) in glass tubes, with 
both external (I(CF2)6I), and in situ generated (CF3I) CTAs, via the first instance of I2 use 
in VDF-IDT.    
 The concepts described herein are equally applicable to the radical TFM of other 
alkenes, to the IDT-CRP of better-behaved monomers such as vinyl acetate, styrene, 
methacrylates, dienes etc., as well as to the radical TFM of arenes.  Moreover, a wide set 
of HVICs derived from ligand exchange reactions of IFAB, IDAB or DMPI with 
carboxylic acids, or by in-situ HVIC synthesis from any carboxylic acid, enables their use 
as convenient source of a library of radical initiators and iodine CTA with applications in 
both organic chemistry and in the photomediated synthesis of well defined, 
architecturally complex fluoromaterials.  
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Chapter 6.       Towards Azide-enabled Synthesis of Complex    
Fluoropolymer Architectures 
 
 
6.1. Introduction 
Following the synthesis of polychlorotrifluoroethylene (PCTFE) and the 
serendipitous discovery of polytetrafluoroethylene (PTFE) in the 1930s,1a-b fluorinated 
(co)polymers have remained vital part of high-performance plastics.  They are especially 
bestowed with morphological versatility, high dielectric constant, refractive index, with 
good thermal/ ageing/chemical/weather resistance, low surface energy, flammability, and 
moisture absorption. As such, they have found applications in paints, coatings, pipe 
liners, transmission fluids, O-rings, fuel cell membranes, antifouling layers, optical fibers, 
photovoltaic and high power capacitors.1 
The contribution of Michael Szwarc to polymer chemistry following his discovery 
of living anionic polymerization of styrene and associated vinyl monomers2–6  provided 
innovative methodology for the synthesis of a wide range of polymers.5 His method has 
proved effective in production star polymers, telechelic polymers, block and graft 
copolymers.5 This however, led to revitalization of the field of radical polymerization,7,8 
and in 1990s several new methods that allow for control of polymer molecular weights 
and chain end functionality, were developed.6-13 These techniques, broadly divided into 
atom transfer radical polymerization (ATRP), stable free-radical polymerization (SFRP) 
and reversible addition-fragmentation chain transfer (RAFT)7,14 are based on atom 
transfer, dissociation-combination and degenerative transfer mechanisms Collectively 
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these polymerization methods, according to IUPAC recommendation, are known as 
reversible-deactivation radical polymerizations (RDRPs).7,15 
In polymer synthesis, the ever increasing challenges for new methodologies for 
initiation, that would be cheap, mild, ready to use, with elimination of multistep 
derivatizations are often great and not easy to come by for the easy to handle monomers, 
let alone for VDF.  With the exceptions of our recently discovered Mn2(CO)10,16 Bu6Sn2 
and HVICs photomediated polymerization of VDF at room temperature, most VDF 
polymerization are carried out at T > 100-150 ?C, in high-pressure metal reactors.1d  As 
such, reactive radicals that will inevitably add to VDF at room temperature without the 
need for irradiation will be worthwhile.  
 Azide group is a very useful functionality in organic chemistry, and are generally 
introduced in organic synthesis via azide ions (nucleophilic)17 or by azide radicals 
(hydrogen substitution).17,18  Known for their versatility and as valuable intermediates,19 
organic azides have been utilized extensively in Huisgen reactions (1,3-dipolar 
cycloadditions, click chemistry)20 in catalyzed C-H amination of Cobalt(II) Porphyrin,21 
synthesis of nitrogen containing molecules (e.g triazolines, triazoles, tetrazoles),22-24 and 
Ti-catalyzed C-N coupling reactions.25  While azide radicals, are usually generated under 
mild condition from the oxidation of azide anion (using Fe2+ salts and tert - butyl 
hydroperoxide, or with H2O2, or permanganate26,27), by the thermal decomposition of 
NaN3,28 oxidation of TMS-N3 with PhI(OAc)2 (hypervalent iodine)17 and most notably, 
by oxidation of NaN3 by cerium ammonium nitrate (CAN)29, their use as the initiators in 
radical polymerization have never been reported.  To this end, azide-enabled 
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polymerization of various monomers and especially, VDF was investigated and 
conditions necessary to control such polymerization was evaluated.   
6.2. Experimental 
6.2.1. Materials. 1,6-diiodododecafluorohexane (I-(CF2)6-I, 98%), vinylidene 
fluoride (VDF, 99.9%) (all from Synquest); iodine, I2 (crystals, resublimed reagent, 
A.C.S), from EM Science (MCB Reagents); ?-caprolactone (CL, 99%), cerium 
ammonium nitrate (CAN, 99%), iodoform (CHI3 99+%), (from Acros Organics); dimethyl 
carbonate (DMC, ≥ 99% anhydrous), propargyl alcohol (99%), copper(II) sulfate 
pentahydrate (CuSO4.5H2O ACS reagent, ≥ 98.0%), acetonitrile (ACN, 99%), Tin(II) 2-
ethylhexanoate(Stannous octoate,(95 %), sodium azide (NaN3, 99%), sodium bicarbonate 
(ReagentPlus, ≥99.5%), (all from Aldrich); diethylether (anhydrous, 99%), N,N’-
Dimethylformamide (DMF, 99.9%), L-ascorbic acid (Crystalline/Certified ACS, 
≥99.0%), N,N’-Dimethylformamide (DMF, 99.9%), (all from Fisher Scientific); acetone-d6 
(Cambridge Isotope Laboratories, Inc., D, 99.9%); tetrahydrofuran (THF, 99%, acetone, 
99.9 %), (J. T. Baker) were used as received. 
             6.2.2. Techniques. 1H NMR (500 MHz) and 19F-NMR (400 MHz) spectra were 
recorded on a Bruker DRX-500 and respectively on a Bruker DRX-400 at 24 0C in     
acetone-d6.  GPC analyses were performed on a Waters gel permeation chromatograph 
equipped with a Waters 2414 differential refractometer and a Jordi 2 mixed bed columns 
setup at 800C. DMAc (Fisher, 99.9% HPLC grade) was used as eluent at a flow rate of    
1 mL/min. Number-average (Mn) and weight-average molecular weights (Mw) were    
determined from calibration plots constructed with polymethylmethacrylate standards.  
All reported polydispersities are those of water precipitated samples.  Although MeOH 
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precipitation affords narrower PDIs, it could invariably lead to partial                
fractionation, especially for lower molecular weight samples.  Differential scanning 
calorimetry (DSC) was performed on a TA Instrument (Q-100 series) calibrated with In 
and Zn standards. 
6.2.3. Polymerization.   
6.2.3.1. Free Radical Polymerization.  The polymerizations were carried out 
with the similar setup as described in our previous VDF/Mn2(CO)10 report,16 only without 
the need for illumination.  In a typical reaction, a 35-mL Ace Glass 8648 # 15 Ace-
Thread pressure tube equipped with a bushing, and plunger valve with two O-rings and 
containing a magnetic stir bar, CAN, (188 mg, 0.34 mmol) and solvent (e.g. DMC, 3 mL) 
was degassed with He and placed in a liquid nitrogen bath. The tube was opened and 
NaN3 (45 mg, 0.69mmol) was subsequently added.  Finally, VDF (1.1 g, 17 mmol), was 
condensed directly into the tube, which was then re-degassed with He.  The amount of 
condensed VDF was determined by weighing the closed tube before and after the 
addition of the monomer.  The tube was then placed in behind a plastic shield, in a 
thermostated oil bath at 40?C, in the dark. For polymerization kinetics, identical reactions 
were set up simultaneously and stopped at different polymerization times.  At the end of 
the reaction, the tube was carefully placed in liquid nitrogen, slowly opened behind the 
shield, and allowed to thaw to room temperature in the hood, with the concomitant 
release of unreacted VDF.  The contents were poured in water, filtered and dried.  The 
monomer conversion was determined as the ratio of the differences of the tube weight 
before and after the reaction and respectively before and after VDF charging (i.e. c = 
(Wtafter VDF condensation - Wtafter VDF release)/(Wtafter VDF condensation –Wtbefore VDF addition), as well as 
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the ratio of the dry polymer to the condensed VDF.  Both procedures gave conversions 
within < 5% of each other. 
6.2.3.2. Azide-enabled VDF-CRP-IDT using and I(CF2)6I and I2. 
 With I(CF2)6I: Correspondingly to the procedure described above, in typical 
reaction, a tube with CAN, (283 mg, 0.52 mmol) and solvent (e.g. DMC, 3 mL) was 
degassed with He and placed in a liquid nitrogen bath.  The tube was later opened 
followed by the addition of NaN3 (67 mg, 1.03 mmol) and I(CF2)6I (0.12 mL, 0.52 
mmol).  Finally, VDF (1.7 g, 26mmol), was condensed directly into the tube, which was 
then re-degassed with He.  Same technique was followed for the polymerization 
precipitation and conversion determination. 
 With I2: As described above, the tube containing CAN, (283 mg, 0.52 mmol) and 
solvent (e.g. DMC, 3 mL) was degassed with He and placed in a liquid nitrogen bath. The 
tube was subsequently opened, NaN3 (40 mg, 62 mmol) and I2 (26 mg, 0.10 mmol) were 
added, followed by the condensation of VDF (1.7 g, 26 mmol), directly into the tube, 
which was then re-degassed with He.  Same technique was followed for the 
polymerization, precipitation and conversion determination. 
6.2.3.3. Block Copolymer from PVDF-N3 via Click Chemistry.  The synthesis 
PVDF-b-PCL is described as follows: In a Schlenk tube containing a DMF solution of 
PVDF-Triazole (90 mg, 0.023mmol, synthesized from PVDF-N3 as described in the 
literature30), caprolactone (0.50 mL, 4.5 mmol) and Sn(oct)2 (7 μL, 0.023mmol) were 
added and the tube degassed under Ar then heated to 90 oC for 24 h.   The solution was 
precipitated in MeOH, filtered and dried. Mn = 15,400, PDI = 1.49 conv. = 67%, and 
composition, VDF/CL = 52/48. 
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6.3. Results and Discussion.   
6.3.1. Mechanistic Discussion.  The proposed mechanism for azide-enabled 
VDF-FRP and VDF-CRP-IDT is presented in Scheme 6.1.  Following its mild generation 
from the stoichiometric reaction of CAN and NaN3 at 40°C in the dark (eq. 1), azide 
radical could dimerize to give N2 in the absence of electrophilic substrate (eq. 2).  
However, in the presence of an alkene (i.e. VDF), initiation of free radical polymerization 
soon ensue (eq. 3).  Although the generation of N3?, is a relatively fast process, the 
incompatibly of polymerization solvent (i.e. DMC) with CAN and NaN3 significantly 
decelerate radical formation. 
To ensure VDF-CRP-IDT, the reaction was carried out in the presence of iodine 
sources namely I-(CF2)6-I and I2 (or CHI3).  In the VDF-CRP-IDT polymerization with  
I-(CF2)6-I as a CT agent,  only a negligible portion (< 5 %) of the N3? radicals add 
directly to VDF, and that > 95 % of the chains are initiated by RF? (eq. 4b).  Thus, the 
vast majority of N3? serves only to abstract iodine from RF-I, generating RF?, and 
respectively, N3I, a possible excellent IDT mediator. 
Conversely, using I2/CHI3 as iodine source allows for the formation of azide 
initiated and iodide terminated PVDF chain (Figure 6.3).  The initial step involves the 
consumption of I2 by N3? to form N3I (eq. 4a).  Once all the iodine is consumed ([N3?] > 
[I2]), the leftover azide radical subsequently add regioselectively on the CH2 side of VDF.   
While chain termination by N3? radical in azide-enabled VDF-FRP is prevalent, 
this is however suppressed with the use of iodine sources as the PVDF-CH2-CF2? and 
PVDF-CF2-CH2? growing chains are intercepted by iodide to form PVDF-CH2-CF2-I and 
respectively PVDF-CF2-CH2-I. 
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Scheme 6.1. Proposed mechanism of the azide-enabled VDF FRP and IDT with external 
and in situ generated CTAs. 
 
6.3.2. Control experiments and Solvent effect in Azide-enabled VDF  
Polymerizations.  Control experiments (Table 6.1), revealed that VDF alone does 
not polymerize in the dark at 40°C, CAN or NaN3 separately does not add to VDF and 
NaNO3 does not produce radicals reactive enough to add to VDF. 
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In the selected solvent effect carried out, DMC again showed faster 
polymerization rate16 when compared to ACN.  While CAN and NaN3 were soluble in 
water, however, no polymer was obtained.  This is likely due to faster generation of the 
azide radicals in water, which are then consumed by rapid dimerization to form N2 and 
thus, prevent initiation of VDF.  
Table 6.1. Azide initiated VDF Polymerizations: control experiments (exp. 1-3), initiator  
effect (exp. 7-9), and DP effect (exp. 9-10).  T = 40°C/dark, Solvent = DMC 
Exp. Initiator [VDF]/[I]/  [CeIV]/[NaN3] 
Time  
(Hrs) 
Conv 
(%) 
kpapp 
(h-1) Mn PDI 
1 - 50/0/0/0 63 0 - - - 
2      - 50/0/1/0 48 0 - - - 
3 - 50/0/0/1 48 - - - - 
4 - 100/0/1/1 a) 24 0 - - - 
5 - 50/0/1/2  21 46 0.030 5,500 1.93 
6 - 100/0/1/2 12 22 0.020 6,200 1.97 
7 I2 50/0.5/1/1 48 0 - - - 
8 I2 50/0.2/1/1.2 20 30 0.018 7,500 1.35 
9 I-(CF2)6-I 50/1/1/2 3 51 0.290 2,700 1.46 
10 I-(CF2)6-I 100/1/1/2 3 30 0.143 3,300 1.74 
a) NaNO3 used instead of NaN3. 
 
 
Table 6.2. Solvent effect in azide initiated VDF Polymerizations. T = 40°C/dark  
Exp. Solvent 
[VDF]/[I]/  
[CeIV]/[NaN3] 
Time  
(Hrs) 
Conv 
(%) 
kpapp 
(h-1) 
Mn PDI 
1 H2O 50/0/1/2  21 0 - - - 
2 DMC/H2O  50/0/1/2 69 0 - - - 
3 Acetonitrile 50/0/1/2  24 18 0.008 2,606 2.11 
4 DMC 50/0/1/2  21 46 0.030 5,500 1.93 
 
      
 
202 
 
6.3.3. NMR Discussion.  Selected examples of the d6-acetone, 1H-NMR and   
19F-NMR proton decoupled, 2D heteronuclear HF COSY spectra of PVDF obtained in 
polymerization initiated from azide alone as well as in polymerization in  with I-(CF2)6-I 
or I2 additives are presented in Figure 6.1a-b,  6.2, and 6.3.  In addition to known PVDF 
1H- and 19F-NMR resonances, acetone is seen at ? = 2.05 ppm.16,31  The other sets of 
signals are associated with azide initiation, PVDF main chain, termination modes, halide 
chain ends or chain transfer agent. The same notation was use in both 1H- and 19F-NMR 
spectra.  
 6.3.3.1. Azide-enabled VDF Free Radical Polymerization.  Figure 6.1a 
and respectively 6.1b and 6.3 presents the 500 MHz 1H-NMR, 400 MHz 19F-NMR, and 
2D Heteronuclear H, F - COSY (acetone-d6) spectra of PVDF initiated from azide. 
Main Chain PVDF Resonances:  
1H-NMR: Two propagation derived main chain PVDF signals are observed: First, the 
head to tail (HT), -CF2-[CH2-CF2]n-CH2-, broad multiplet a, is seen at ? = 2.8 - 3.1 
ppm.16  Next, the head to head (HH) -(CH2-CF2)n-CF2-CH2-CH2-CF2-(CH2-CF2)m- 
linkage (typically HH = 5-10 % in free radical VDF polymerizations) a’ is observed at ? 
= 2.3 - 2.4 ppm.  The resonances derived from PVDF termination by the recombination32 
of terminal HT or HH units partially overlap and cannot be easily identified, as follows: 
HT/HT (-CH2-CF2-CH2-CF2-CF2-CH2-CF2-CH2-, overlap with the HT main chain), 
HT/HH (-CH2-CF2-CH2-CF2-CH2-CF2-CF2-CH2-, identical to HT propagation).  As seen 
later, such termination is dramatically suppressed in the presence of iodine sources,16,33 
and is visualized by the disappearance of the HH peak a’ 34 which becomes -CF2-CH2-I 
(e’ , Figure 6.3).16 
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19F-NMR: Correspondingly, the main chain PVDF HT -CF2-[CH2-CF2-CH2-CF2]n-CH2- 
unit a is observed at ? = -91.3 ppm.  While the HH units are greatly minimized in      
VDF-IDT (vide infra), in FRP internal HH are seen as a series of 3 resonances                  
-CH2-CF2-CH2-CF2-CF2-CH2-CH2-CF2-CH2-CF2-, -CH2-CF2-CH2-CF2-CF2-CH2-CH2-
CF2-CH2-CF2- and -CH2-CF2-CH2-CF2-CF2-CH2-CH2-CF2-CH2-CF2-, peaks a’, a’1 and 
a’2 at ? = -113.5 ppm,  ? = -115.9 ppm and respectively, ? =  - 95.1 ppm.   
Azide-Derived Initiator Chain Ends in VDF-FRP:   
1H-NMR: The N3?-derived initiation is seen via the N3-CH2-CF2-PVDF signal b of the 
dominant 1,2-addition (t, ? = 3.85 ppm, 3JHH = 13.9Hz)17,35 The less favored 2,1-addition, 
as later explained in 19F-NMR (Figure 6.1b, 6.2 and 6.3)  N3-CF2-CH2-CH2-CF2- is not 
observed. Termination by azide radical is also seen as 2,1-type c’,                        
PVDF-CH2-CF2-CF2-CH2-N3 at   ? = 4.08 ppm while the 1,2- c,                        
PVDF-CH2-CF2-CH2-CF2-N3 is probably buried under the main peak. 
19F-NMR:  The azide initiation is demonstrated by peak b N3-CH2-CF2-CH2- ??= -99.5 
ppm.  Conversely, the N3-CF2-CH2-CH2-CF2- is absent. Terminations by the coupling of 
the azide radical and growing are observed as c, PVDF-CH2-CF2-CH2-CF2-N3, c1, 
PVDF-CH2-CF2-CH2-CF2-N3, c2 -CH2-CF2-CF2-CH2-CH2-CF2-N3, c1’+ c’ PVDF-CH2-
CF2-CF2-CH2-N3 at   ? =  -69.2 ppm, ? =  -92.7 ppm, ? =  -73.9 ppm and respectively ? =  
-119 ppm . 
H Transfer Derived Chain Ends in FRP. 
1H-NMR: While dramatically suppressed in IDT, termination may occur by H transfer 
(from the solvent, or the main chain inter or intramolecular) to the HT ~CH2-CF2?, or to a 
smaller extent, to the HH ~CF2-CH2? propagating units to form -CH2-CF2-H (peak d, 
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triplet of triplets at ? = 6.3 ppm 3JHH = 4.6 Hz 2JHF = 54.7 Hz; ) and respectively, -CF2-
CH3 (peak d’, triplet at 1.80 ppm, 3JHF = 19.2 Hz).16,36   
 19F-NMR: -CH2-CF2-CH2-CF2-H d, t, ? = -114.7 ppm, 3JHF = 7 Hz; -CH2-CF2-
CH2-CF2-H d1, m, ? = -92.4 ppm, 3JHF = 6.2 Hz; as well as -CH2-CF2-CF2-CH3 d’ m,?? =    
-107.6 ppm. 
6.3.3.1. Azide-enabled VDF-CRP-IDT with I-(CF2)6-I. Polymerization.           
I-(CF2)6-I is an excellent CT agent for IDT16 and this is confirmed by the controlled 
radical polymerization (Figure 6.5) and by  the presence of the dominant (> 95%)             
-(CF2)6- vs. N3- initiator chain ends (Figure 6.3) i.e. by the absence of resonances 
associated with the CF3-CH2-CF2-CH2-CF2- (IFAB) and CH3-CH2-CF2-CH2-CF2- (IDAB, 
DMPI) connectivity, which confirm that initiation is primarily from I-(CF2)6-I for all 
HVICs.  Here, iodine chain ends (vide infra) are seen in conjunction with greatly 
diminished termination and HH units.  
In the 19F-NMR, The RF initiator resonances are seen as PVDF-CF2-CH2-CF2-CF2-CF2-
CF2-CF2-CF2-CH2-CF2-PVDF, PVDF-CF2-CH2-CF2-CF2-CF2-CF2-CF2-CF2-CH2-CF2-
PVDF and PVDF-CF2-CH2-CF2-CF2-CF2-CF2-CF2-CF2-CH2-CF2-PVDF peaks b1, b2 
and b3 at ? = -111.7 ppm, ? = -121.2 ppm and ? = -123.1 ppm for I-PVDF-I.  The 
connectivity of the -(CF2)6- initiator with PVDF is demonstrated by the resonance b’ (m, 
? = -91.8 ppm, 3JHF = 9.5 Hz), PVDF-CF2-CH2-(CF2)6-CH2-CF2-PVDF associated with 
the first VDF unit.16  
Iodine Chain Ends:  In 19F-NMR The more reactive 1,2-iodide chain ends are seen as     
-CH2-CF2-CH2-CF2-CH2-CF2-I and -CH2-CF2-CH2-CF2-CH2-CF2-I, peaks e and e1 at ? = 
-38.5 ppm and respectively ? = -92.5 ppm, as well as a weaker, c2,                        
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-CH2-CF2-CF2-CH2-CH2-CF2-I, seen at ????-39.3 ppm.  The less reactive 2,1-iodide chain 
ends are observed as -CH2-CF2-CF2-CH2-I and -CH2-CF2-CF2-CH2-I peaks e’ and e’1 at 
? = -108.3 ppm and respectively ? = -112.0 ppm.16 
 6.3.3.2. Azide-enabled VDF-CRP-IDT with I2 (or CHI3).   
1H-NMR: Again here, the N3 PVDF initiation is demonstrated by peak b,                     
N3-CH2-CF2-(t, ? = 3.85 ppm, 3JHH = 13.9Hz) 
19F-NMR:  The regiospecific N3-CH2-CF2-PVDF is again seen as peak b, ??= -99.5 ppm. 
The iodide chain ends is consistent as described for I-(CF2)6-I. 
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Figure 6.1a. 500 MHz 1H-NMR (acetone-d6) spectra of PVDF-N3 obtained from azide initiated VDF-FRP.  Solvent = ACN. see Table 
6.2 exp 3. 
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Figure 6.1b. 400 MHz 19F-NMR (acetone -d6) spectra of same sample from Figure 6.1a above. 
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Figure 6.2. 2D Heteronuclear H, F - COSY of N3-PVDF-N3 obtained from azide initiated VDF-FRP. see Table 6.1 exp 5. 
c2
b
c1’ + c’
d
c
a2’
a’ 
a’
a1’
1H-NMR
19F-NMRc2c
b
a’
a1’
b
d
c’
a’
Acetone
a
a
c1’ + c’
209 
 
 
Figure 6.3. 500 MHz 1H-NMR (acetone-d6) spectra of PVDF initiated from (a) Azide alone (b) Azide in the presence of CHI3 and (c) 
Azide in the presence of I-(CF2)6-I. 
a
e’ e’1
b1 b3b2
e1e
e2
e
e2
e’ e’1
d
a’
a’1
c’+c’1
c c2
c2
b
b
d
a’ a’1
e1
a’2
c’2
d1
c1
(c)
(b)
(a)
b’
210 
 
6.3.4. Kinetics of Free Radical Photopolymerizations.  In the absence of an 
iodine source, controlled polymerization of VDF initiated from azide predictably, become 
unattainable.  Thus, upon kinetic investigations at various VDF/Azide ratios, as expected, 
only a typical FRP independence of Molecular weight on conversion was observed (Figure 
6.4) in addition to broad PDI. 
6.3.5. VDF-CRP with iodine sources: In order to promote VDF-CRP-IDT, the 
azide-enabled VDF polymerization was carried out in the presence of an external and in 
situ generated chain transfer agents (CTAs). 
VDF-CRP with using I-(CF2)6-I:  The consumption of I-(CF2)6-I lead to the 
formation of macromolecular I-PVDF-I CTAs (Scheme 6.1 eq 4c).  At this point, the 
thermodynamically neutral (K ???????? = 1), reversible iodine exchange between equally 
reactive, dormant and propagating Pm-CH2-CF2-I and Pn-CH2-CF2? 1,2-units (eq. 5a) is in 
operation, and enables IDT-CRP.1d  However, VDF-IDT generates two halide chain ends, 
Pn-CH2-CF2-I and Pm-CF2-CH2-I with vastly different reactivity.16  Thus, due to the 
stronger -CH2-I bond, the cross-IDT of the 1,2- and 2,1- units (Scheme 6.1, eq. 5b) is 
shifted towards irreversible accumulation of unreactive 2,1 Pn-CF2-CH2-I chain ends, the 
IDT of which (eq. 5c) is kinetically extraneous.16  These features are also unavoidable in 
conventional,1d or Mn2(CO)10-mediated VDF-IDT,16 and contribute to PDI broadening.  
As expected, using I-(CF2)6-I as an external CT agent, linear dependence of Mn on 
conversion and reasonable polydispersity values (PDI ~ 1.5) was obtained (Figure 6.5).  
In addition Mn scales with the [VDF]/[I(CF2)6I] ratio (e.g. 50, 100). 
VDF-CRP with using I2: As mentioned earlier, I2 merely serves to provide N3I in 
situ, and polymerizations where [VDF]/[I2]/[N3?] = a/b/c are equivalent with 
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polymerizations where [VDF]/[“N3I”]/[ N3?] = a/2b/(c-2b).  Consequently, unlike VDF-
CRP-IDT with I(CF2)6I,  all chains are initiated from the azide radical.  This however, 
provided the first examples of azide initiated, iodine terminated VDF polymerization, as 
confirmed by the NMR (Figure 6.3).  As such, typical VDF-CRP character is seen by the 
linear dependence of Mn on conversion (Fig. 6.5) with moderate PDI ~ 1.4.
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Figure 6.4. Dependence of Mn, Mw/Mn on conversion and kinetics in Azide-initiated FRP 
of VDF: [VDF]/[(NH4)2Ce(NO3)6]/[NaN3] = 50/1/2 (?) and 100/1/2 (?). 
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Figure 6.5. Dependence of Mn, Mw/Mn on conversion and kinetics in azide-enabled CRP 
of VDF at 40 ?C in the Dark. [VDF]/[I-(CF2)6-I]/[(NH4)2Ce(NO3)6]/[NaN3] = 50/1/1/2 
(?), 100/1/1/2 (?) and [VDF]/[I2]/[(NH4)2Ce(NO3)6]/[NaN3] = 50/0.2/1/1.2 
?[VDF]/[”N3I”]/[(NH4)2Ce(NO3)6]/[NaN3] = 125/1/1.5/2 (?) 
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6.3.6. Block Copolymer from PVDF-N3 via Click Chemistry.   
Following its introduction by K.B. Sharpless,37-38, click chemistry reactions 
(Scheme 6.2),39 have been immensely investigated and well applied in organic synthesis. 
The scope of which allows for high yield, couplings with almost no limits of functional 
group tolerance, easy to perform experiments, stereospecific in nature, excludes solvent 
(bulk) requirement or use of benign solvents, minimal with little or no byproducts.  
 
Scheme 6.2. The Click Chemistry Reactions. 
Recently, click chemistry reaction has become a preferred mode of block 
copolymer synthesis via the click coupling of the appropriately N3 and alkyne 
functionalized segments, with high selectivity and high yield.  Thus, for most polymer 
click couplings, the azide chain ends on one of the participating polymer is typically 
obtained via an exchange reaction with the halogen chain ends afforded by ATRP, while 
the alkyne chain end of the coupling partner is achieved from the initiation with acetylene 
functionalized alkyl halides initiators such as propargyl bromide. 
While there is no known azide initiated polymerization, this method of azide 
radical generation via single electron oxidation of NaN3 represents the first examples of 
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azide initiated/terminated PVDF (Figure 6.1, 6.2).  This assertion was also confirmed by 
the synthesis of Triazole-PVDF-Triazole directly from N3-PVDF-N3 and propargyl 
alcohol as described in the literature40 and the subsequent synthesis of PCL-b-PVDF-b-
PCL block copolymer (Figure 6.6) from the hydroxyl terminated PVDF-Triazole and CL.                
  In addition, GPC traces showed differences in elution time between the starting 
material and the block copolymer synthesized thereafter.  As a further proof, the DSC of 
heating and cooling cycles of PCL-b-PVDF-b-PCL block copolymer revealed differences 
in the melting (Tm) and crystallization (Tc) temperatures of the two polymer segments. 
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Figure 6.6. 500 MHz 1H-NMR (acetone-d6) spectra of (a) N3-PVDF-N3 starting material (Mn = 4,500, PDI = 2.73) (a) PVDF-Triazole  
and (c) PCL-b-PVDF-b-PCL block copolymer (Mn = 15,400, PDI = 1.49). * = Transfer to DMC.
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Figure 6.7. (a) GPC traces of PVDF-b-PCL. (b) DSC Heating and cooling cycle of PVDF-b-PCL. 
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6.4. Conclusion.   
The first examples of azide initiated and terminated VDF polymerization, carried 
out in inexpensive glass tubes without the need for irradiation are presented.  While 
typical free radical polymerization is obtained with azide radical alone, however, in the 
presence of external or in situ generated chain transfers agents, VDF-CRP-IDT can be 
promoted.   
Consistent with the Mn2(CO)10 experiments, the fastest polymerization rate was 
again obtained using DMC as a solvent. While CAN and NaN3 were soluble in water, 
however, no polymer was obtained as this may be due to faster generation of the azide 
radicals in water, which are then consumed by dimerization and/or transfer. 
Further proof of azide initiated and terminated PVDF was confirmed following 
the synthesis of PVDF-Triazole and subsequent synthesis of PCL-b-PVDF-b-PCL block 
copolymers as evident by the NMR, GPC traces and DSC heating and cooling cycles. 
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  Chapter 7. Conclusions 
The objective of this research work was to identify and develop new 
methodologies in complex polymer synthesis in relation to living ring opening 
polymerization (LROP) of cyclic esters and controlled radical polymerization of main 
chain fluorinated monomers. 
In order to find a milder, nontoxic route in the synthesis of biodegradable and 
biocompatible polymers the catalytic activities of Sn(oct)2 and Cp2ZrHCl in LROP of    
ε-caprolactone was evaluated.  The study however, showed that the use both catalysts 
lead to in situ generation of alkoxides which act as very efficient initiators for the living 
ROP of caprolactone.  While polymerization with the use of both catalysts displayed 
living features at 90 ?C, the use of an alcohol is however, needed in the case on Sn(oct)2 
to generate the alkoxide. Conversely higher toxicity(Oral (Rat) LD50 3g/kg) and lower 
personal exposure limits of Sn(oct)2  (OSHA PEL of 0.1mg/m3 of Sn - 50 times smaller 
than the amount allowed for Zr) makes Cp2ZrHCl a much safer catalyst to use. 
 While the typical FM-CRP involves the use of free radical initiator (e.g. tbutyl             
peroxide) in the presence of polyhalides, such reactions are carried out at high 
temperature (100-250 ?C) in expensive reactors and mostly afford VDF telomerizations.  
However, due to the inefficacy of the well-established CRP methods (ATRP, NMP, RAFT 
etc.) on VDF polymerization, the development of methods that would allow for such 
polymerizations to proceed at mild temperatures in inexpensive pressure glass tubes, thus 
become desirable, as they could be easily adapted for fast catalyst and reaction condition 
screening and take advantage of photochemistry.   
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The demonstration for the first time, using VDF as a model for main chain 
fluorinated gaseous monomers, that the initiation of the polymerization can easily be 
accomplished at mild temperatures, directly from a variety of alkyl, semi and 
perfluoroalkyl halides (Cl, Br, I), using a visible light, Mn2(CO)10 photomediated 
protocol.  With over 40 different solvents sampled, DMC provides by far the fastest 
reaction rates, which was at least five times those obtained in ACN.   
Moreover, in the presence of perfluorinated alkyl iodides, such reactions follow 
an IDT mechanism, leading to a controlled radical polymerization process.  This is 
demonstrated by the linear dependence of Mn on conversion and moderate PDI values, 
which indicate that Mn2(CO)10 supports a photo-CRP over a wide range of molecular 
weights (Mn = 1,000-25,000).Finally, the Mn2(CO)10-induced complete activation of both 
-CH2-CF2-I and -CF2-CH2-I halide chain ends affords the first examples of well-defined 
block copolymers initiated from PVDF-I.  The direct halide VDF initiation, VDF-CRP 
and the complete halide chain ends activations, open up novel synthetic avenues for the 
photomediated synthesis of architecturally complex fluoromaterials.  Thus, main chain 
fluorinated polymers can be grafted or block copolymerized directly from any substrates 
containing suitable halide initiators, and conversely, the polymerization of other 
monomers can be initiated quantitatively from their chain ends. 
An unavoidable drawback to this chemistry however, is the accumulation a poorer 
iodine chain end (2,1-PVDF-CF2-CH2-I) at the expense of the more reactive type (1,2-
PVDF-CH2-CF2-I) at high conversion.  This is because the Mn(CO)5-I (generated from 
the photolysis of Mn2(CO)10 and subsequent iodine abstraction) does not donate iodide 
back to the growing chain, as such, not involved in the catalysis of the IDT.  
222 
 
Consequently, as 2,1-PVDF-CF2-CH2-I  chain ends will not undergo IDT but accumulate 
over time to broaden the polydispersity (PDI) and will require stronger activators.   
Similarly to Mn2(CO)10, Bu6Sn2 is susceptible to mild visible light photolysis. The 
organotin radical Bu3Sn?, generated via photolysis is a good halide abstractor that can 
abstract iodine from (fluoro)alkyl iodide to generate Bu3SnI - a possible catalyst for IDT.  
Consequently, Bu6Sn2 successfully promoted mild temperature direct alkyl halide VDF 
initiation and VDF-CRP in the presence of RF-I via homolytic cleavage of the Sn-Sn 
bond using visible light. Complete halide chain end activation towards synthesis of block 
copolymers was equally achieved, in addition to highest polymerization rate obtained 
from using DMC as a polymerization solvent when compared to the well-established and 
tested solvents (e.g. ACN). However, Bu3Sn? proved to be a better activator than 
Mn(CO)5? following the activation of strong C-Cl and C-Br bonds in CH3-(CH2)5-Cl and 
respectively CH3-(CH2)5-Br towards VDF polymerization.  Comparative experiments 
also showed faster polymerization and good retention of the reactive iodide chain end 
(~CH2-CF2-I), in Bu6Sn2 experiments when compared to the Mn2(CO)10.  
By contrast to their classic use as oxidants, the metal-free, visible light, radical 
photodecarboxylation of (RCOO)2IIIIPh and (RCOO)3IV(PhCOO) -type HVICs, enables 
their use as stable and convenient, protected synthetic equivalents of their corresponding 
and otherwise inaccessible and hazardous, peroxide or azo R derivatives.  Moreover, the 
inexpensive CX3COOH (X = F, H) feed stock, qualifies the introduction of commercially 
available IFAB, IDAB and DMPI as the least expensive and most convenient CF3?/CF3I 
and CH3?/CH3I precursors for radical alkene or arene (trifluoro)(iodo)methylations.   
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 The practicality of these HVICs was illustrated with the first examples of their use 
as photoinitiators for the CF3?- and respectively, CH3?-promoted, metal free, “green” 
VDF-CRPs, which by contrast to typical high temperature, high pressure metal reactor 
requirements, were carried out under very mild conditions (40 ?C) in glass tubes, with 
both external (I(CF2)6I), and in situ generated (CF3I) CTAs, via the first instance of I2 use 
in VDF-IDT.  Furthermore, the iodine chain end functionalization was utilized in the 
synthesis of well-defined PVDF block copolymers with 2,2,2-trifluoroethyl methacrylate 
and methyl 2-(trifluoromethyl)acrylate.  
 The concepts described herein are equally applicable to the radical TFM of other 
alkenes, to the IDT-CRP of better-behaved monomers such as vinyl acetate, styrene, 
methacrylates, dienes etc., as well as to the radical TFM of arenes.  Moreover, a wide set 
of HVICs derived from ligand exchange reactions of IFAB, IDAB or DMPI with 
carboxylic acids, or by in-situ HVIC synthesis from any carboxylic acid, enables their use 
as convenient source of a library of radical initiators and iodine CTA with applications in 
both organic chemistry and in the photomediated synthesis of well defined, 
architecturally complex fluoromaterials.  
In polymer synthesis, the ever increasing challenges for new methodologies for 
initiation, that would be cheap, mild, ready to use, with elimination of multistep 
derivatizations are often great and not easy to come by for the easy to handle monomers, 
let alone for VDF.  To this end, the first examples of difunctional, azide initiated and 
terminated VDF polymerization was achieved.  While typical free radical polymerization 
was obtained with azide radical alone, however, in the presence of external or in situ 
generated chain transfers agents, VDF-CRP-IDT can be promoted.   
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Consistent with the Mn2(CO)10 experiments, the fastest polymerization rate was 
again obtained using DMC as a solvent. While CAN and NaN3 were soluble in water, 
however, no polymer was obtained as this may be due to faster generation of the azide 
radicals in water, which are then consumed by dimerization and/or transfer. 
Further proof of azide initiated/terminated PVDF was confirmed following the 
synthesis of PVDF-Triazole and subsequent synthesis of PCL-b-PVDF-b-PCL block 
copolymers as evident by the NMR, GPC traces and DSC characterization. 
 
 
  
 
 
 
